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SUMMARY 


Research  effort  under  this  contract  has  centered  on  the  determination  of 
molecular  changes  associated  with  adaptation  of  hepatitis  A  virus  to  growth  in 
cell  culture,  and  with  attenuation  of  virus  virulence.  To  determine  the 
molecular  changes  associated  with  adaptation  of  hepatitis  A  virus  (HAV)  to 
growth  in  cell  culture,  the  genome  of  a  cell  culture -adapted  variant  of  HM175 
strain  HAV  (pl6  HM175,  16th  in  vitro  passage  level)  was  molecularly  cloned  and 
the  complete  nucleotide  sequence  of  the  virus  determined.  This  virus  is  well 
adapted  to  growth  in  cell  culture,  but  remains  virulent  as  shown  in  monkey 
challenge  experiments  with  virus  at  the  22nd  passage  level  (see  below).  pl6 
HM175  was  found  to  contain  a  total  of  19  mutations  from  the  wild- type  genome, 
including  five  mutations  in  the  5'  nontranslated  region,  one  mutation  in  the 
3'  nontranslated  region,  and  13  mutations  predicting  8  changes  in  the  amino 
acid  sequences  of  HAV  proteins.  Only  one  amino  acid  substitution  occurred 
among  the  capsid  proteins  (VP2) ,  while  others  involved  proteins  2A,  2B,  2C, 

VPg  and  3Dpol.  The  distribution  of  these  mutations  within  the  genome  suggests 
that  changes  in  RNA  replication  may  be  of  primary  importance  in  adaptation  of 
the  virus  to  growth  in  vitro. 

An  infectious  cDNA  clone  derived  from  virulent  HAV  would  be  of 
considerable  value  in  experiments  designed  to  determine  the  molecular  basis  of 
attenuation.  In  an  effort  to  construct  such  a  clone,  cDNA  fragments  from  ten 
HM175  clones  were  assembled  into  a  single  construct,  flanking  dC-dG  tails 
derived  from  the  original  homopolymeric  cloning  procedure  were  removed,  and 
the  full  length  sequence  of  pl6  HAV  cDNA  was  inserted  between  the  Hindlll  and 
Xbal  sites  of  the  plasmid  vector  pGEM3  to  create  pHAV/pl6.  At  the  conclusion 
of  the  contract,  the  infectivity  of  this  construct  was  under  evaluation. 

The  pHM175  variant  of  HAV,  recovered  by  disruption  of  persistently 
infected  continuous  green  monkey  kidney  (BS-C-1)  cells,  induces  a  cytopathic 
effect  during  serial  cell  culture  passage.  Virus  neutralization  and  epitope - 
specific  radio immuno focus  assays  showed  that  pHM175  virus  stock  contained  two 
virion  populations,  one  with  altered  antigenicity  including  neutralization- 
resistance  to  monoclonal  antibody  K24F2 ,  and  the  other  with  normal  antigenic 
characteristics.  Both  virus  types  were  cytopathic  in  monkey  kidney  cell 
cultures,  and  both  displayed  a  rapid  replication  phenotype  when  compared  with 
the  parental  virus  used  to  establish  the  original  persistent  infection  (pl6 
HM175  virus) .  Within  the  PI  genomic  region,  amino  acid  replacements  were 
present  in  K24F2*  virus  (43c  clone)  at  residue  of  VP3  and  residues  197  and 
276  of  VP1;  changes  in  K24F2+  virus  ( 18 f  clone;  '»  e  at  residues  91  of  VP3  and 
271  of  VP1 .  These  mutations  did  not  reduce  the  ^..ermal  stability  of  the 
virion.  Although  cytopathic  viruses  do  not  share  a  unique  capsid  mutation, 
the  emergence  of  an  antigenic  variant  during  persistent  infection  suggests 
that  changes  in  capsid  proteins  may  influence  virus  replication  in  cell 
culture . 

A  cell  culture -adapted,  neutralization-resistant  variant  of  HAV 
(HM175/S18),  derived  from  pl6  virus  at  the  22nd  in  vitro  passage  level,  was 
examined  for  virulence  in  the  New  World  owl  monkey  model.  Monkeys  challenged 
with  approximately  5  x  10*  RFU  of  HM175/S18  developed  liver  enzyme  elevations 
and  virologic  markers  of  infection  resembling  those  previously  noted  following 
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wild- type  virus  challenge.  Fecal  shedding  of  viral  antigen  may  have  been  less 
following  challenge  with  the  S18  virus  than  with  wild- type  virus,  however. 
Virus  shed  in  the  stools  of  monkeys  challenged  with  HM175/S18  was  found  to 
have  reverted  to  neutralization  susceptibility,  although  double  antibody 
radio immunofocus  assays  provided  solid- evidence  for  replication  of  the  mutant 
virus  in  the  monkeys. 

A  novel  immunoaf f inity- linked  nucleic  acid  amplification  system 
(antigen-capture/polymerase  chain  reaction,  or  AC/PCR)  was  developed  for 
detection  of  HAV  in  clinical  specimens.  Immunoaf f inity  capture  of  virus, 
synthesis  of  viral  cDNA,  and  amplification  of  cDNA  by  a  polymerase  chain 
reaction  (PCR)  were  carried  out  sequentially  in  a  single  tube.  This  approach 
simplified  sample  preparation  and  significantly  enhanced  the  specificity  of 
conventional  PCR.  AC/PCR  consistently  detected  less  than  one  cell  culture 
infectious  unit  of  virus  in  80  ul  of  sample.  Sequencing  of  AC/PCR  reaction 
products  from  13  HAV  strains  demonstrated  remarkable  conservation  at  the 
nucleotide  level,  but  suggested  the  presence  of  distinct  virus  genotypes 
circulating  within  geographically  defined  regions.  Virus  strains  recovered 
from  two  military  epidemics  of  hepatitis  A  were  identical  in  sequence, 
providing  evidence  for  a  previously  unrecognized  epidemiologic  link  between 
these  outbreaks . 

PA21,  a  strain  of  HAV  recovered  from  a  naturally  infected  captive  owl 
monkey,  is  antigenically  indistinguishable  from  human  HAV  although  cDNA-RNA 
hybridization  has  suggested  a  significant  sequence  divergence.  The  nucleotide 
sequence  of  the  PI  region  of  the  PA21  genome  was  found  to  have  only  83.2% 
identity  with  HM175  virus,  a  difference  approximately  twice  as  great  as  that 
found  between  any  two  previously  studied  human  strains.  Most  nucleotide 
changes  were  in  third  base  positions,  and  the  amino  acid  sequence  of  the 
capsid  proteins  was  largely  conserved.  Similar  genetic  divergence  was  evident 
in  P2  and  P3  genomic  regions,  but  the  5'  and  3'  noncoding  regions  were 
relatively  conserved  (89.2%  and  93.7%  nucleotide  identity  respectively). 

These  data  indicate  that  PA21  virus  represents  a  unique  genotype  of  HAV  and 
suggest  the  existence  of  an  ecologically  isolated  niche  for  HAV  among  feral 
owl  monkeys. 
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FOREWORD 


Citations  of  commercial  organizations  and  trade  names  in  this  report  do 
not  constitute  an  official  Department  of  the  Army  endorsement  or  approval  of 
the  products  or  services  of  these  organizations. 

The  investigators  have  abided  by  the  National  Institutes  of  Health 
Guidelines  for  Research  Involving  Recombinant  DNA  Molecules  (April  1982)  and 
the  Administrative  Practices  Supplements. 
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INTRODUCTION 


Background  Hepatitis  A  virus  (HAV)  is  a  human  picornavirus  with  a 
worldwide  distribution  (Lemon,  1985) .  It  poses  a  considerable  threat  to 
military  forces  of  the  United  States  due  to  its  capacity  for  epidemic  spread, 
and  the  fact  that  acute  hepatitis  A  associated  with  primary  infection  with  HAV 
is  a  protracted  illness  with  a  prolonged  convalescence.  At  present,  there  is 
a  low  prevalence  of  antibody  among  active  duty  U.S.  forces,  indicating  a  high 
degree  of  susceptibility. 

No  vaccine  is  currently  available  for  prevention  of  infection  with  this 
medically  important  virus.  Three  general  approaches  to  HAV  vaccines  have  been 
considered,  including  development  of  an  inactivated,  cell-culture  derived  vac¬ 
cine  (Binn  et  al.,  1985),  an  attenuated  vaccine  derived  by  extensive  passage 
of  virus  in  vitro  (Provost  et  al.,  1982;  Provost  et  al.,  1986),  and  more  novel 
vaccines  based  on  synthetic  peptide  or  recombinant  DNA  technology.  A  detailed 
discussion  of  these  approaches,  all  of  which  are  beset  with  difficulties  may 
be  found  in  Report  Number  1  of  this  contract,  or  in  the  review  by  Lemon 
(1985).  This  contract  has  focused  on  understanding  the  molecular  basis  of 
attenuation  of  HAV,  as  such  an  understanding  might  open  new  approaches  to 
development  of  an  economic  and  effective  HAV  vaccine. 

Molecular  basis  of  cell  culture  adaptation  and  attenuation  of  HAV 
Although  attenuation  of  HAV  has  been  shown  to  result  from  extended  in  vitro 
passage  of  virus  and  has  been  proposed  as  an  approach  to  the  development  of 
attenuated  vaccines  (Provost  et  al.,  1982;  Provost  et  al. ,  1986).  Wild-type 
HAV,  recovered  from  feces  or  liver  of  infected  primates,  replicates  slowly  and 
to  low  titers  in  cell  culture.  Most  strains  of  HAV  do  not  induce  cytopathic 
effects  in  cell  cultures,  and  persistent  infection  is  characteristic  of  this 
virus  system.  With  successive  passages,  however,  the  virus  becomes  pro¬ 
gressively  adapted  to  growth  in  vitro  (Binn  et  al.,  1984;  Frosner  et  al., 

1979;  Provost  and  Hilleraan,  1979).  Adaptation  to  growth  in  cell  culture 
results  in  a  shortening  of  the  interval  between  inoculation  of  cultures  and 
maximum  virus  yield  as  well  as  increases  in  the  yield  of  virus,  and  appears  to 
be  a  multi-step  process.  Passage  of  virus  in  vitro  has  also  been  associated 
with  attenuation  of  virulence  as  evidenced  by  a  reduction  in  the  ability  of 
the  virus  to  Induce  liver  injury  in  both  experimentally  challenged  primates 
and  man  (Provost  et  al.,  1982;  Karron  et  al.,  1988).  Extensively  passaged 
virus  may  even  be  incapable  of  replication  in  vivo,  as  no  clinical  evidence  of 
infection  and  no  measurable  antibody  response  has  followed  parenteral 
challenge  of  humans  with  very  extensively  passaged  virus  (Provost  et  al., 
1986).  However,  because  some  virus  variants  that  are  well  adapted  to  growth 
in  cell  culture  retain  nearly  unaltered  virulence  in  some  primate  species 
(e.g.,  owl  monkeys)  (Lemon  et  al.,  1987a;  Lemon  et  al.,  1989),  attenuation  and 
cell  culture  adaptation  represent  separate  although  closely  related  phenotypic 
characteristics  of  HAV. 

The  molecular  mechanisms  underlying  either  adaptation  of  HAV  to  growth 
in  cell  culture  or  attenuation  of  HAV  remain  unknown.  Adaptation  of  HAV  to 
growth  in  cell  culture  results  in  profound  changes  in  the  biologic  character¬ 
istics  of  the  virus  and  with  continued  passage  of  virus  has  been  associated 
with  a  reduction  in  virulence  in  several  different  species  of  primates.  A 
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primary  effort  under  support  of  this  contract  has  therefore  been  the  cloning 
and  sequencing  of  the  genome  of  a  cell  culture -adapted  variant  of  HM1/5  strain 
HAV,  and  the  identification  of  mutations  in  this  virus  that  were  associated 
with  adaptation  of  this  virus  to  growth  in  vitro.  The  HAV  variant  studied 
(pl6  HM175  virus),  had  been  passaged  a  total  of  16  times  in  cell  culture.  We 
believe  it  to  be  nearly  fully  virulent,  given  the  results  of  monkey  challenge 
experiments  with  a  neutralization  escape  variant  derived  from  pl6  HM175  which 
was  studied  at  the  22nd  in  vitro  passage  level  (see  below). 

Infectious  HAV  cDNA  Although  construction  of  an  infectious  HAV  cDNA 
clone  has  been  accomplished  by  other  investigators,  the  only  available 
infectious  clone  is  derived  from  an  attenuated  virus  variant  (Cohen  et  al . , 
1987c).  An  infectious  clone  derived  from  virulent  HAV  is  not  available,  but 
would  be  of  considerable  value  in  experiments  designed  to  determine  the 
molecular  basis  of  attenuation.  In  addition,  a  virulent  infectious  clone 
would  allow  the  construction  of  deletion  mutants  (e.g.,  in  the  5'  noncoding 
region)  which  could  be  examined  for  potential  attenuation.  Thus,  the 
availability  of  an  infectious  cDNA  clone  derived  from  a  virulent,  but  cell 
culture-adapted,  HAV  variant  would  open  new  avenues  for  development  of 
candidate  attenuated  vaccine  variants. 

Virulence  of  a  neutralization  escape  variant  of  HAV  We  have  considered 
the  possibility  that  selection  of  virus  variants  for  resistance  to 
neutralizing  monoclonal  antibody  might  be  associated  with  attenuation  of 
virus.  Neutralization  escape  variants  derived  from  a  number  of  other  viruses, 
including  some  picornaviruses ,  have  been  shown  by  other  workers  to  be 
relatively  attenuated.  We  selected  a  number  of  variants  of  the  HM175  strain 
HAV  for  resistance  to  murine  monoclonal  neutralizing  antibodies  (Stapleton, 
1987) .  These  variants  of  HAV  were  selected  in  an  effort  to  further  define  the 
molecular  structure  of  the  major  neutralization  epitopes  of  the  virus. 
Individual  variants  demonstrate  resistance  to  each  of  an  extended  panel  of 
neutralizing  monoclonal  antibodies  (Ping  et  al.,  1988).  Neutralization 
resistance  is  related  to  reduced  binding  of  monoclonal  antibodies,  due  to 
mutations  at  residue  70  of  capsid  protein  VP3  or  residue  102  of  capsid  protein 
VP1  (Ping  et  al.,  1988).  Despite  this,  the  variants  grow  well  in  vitro  and 
are  detectable  in  conventional  immunoassays  utilizing  polyclonal  antisera. 

The  fact  that  there  is  no  epidemiologic  or  clinical  evidence  to  suggest 
the  evolution  of  antigenic  variants  of  HAV  in  vivo  suggests  the  existence  of 
tight  biologic  constraints  on  the  degree  of  variation  permissible  in  the 
immunodominant  epitopes  of  the  virus.  These  constraints  do  not  appear  to  be 
operative  in  vitro.  One  possible  explanation  is  that  the  conserved  antigen 
represents  part  of  the  hepatocyte  receptor -binding  domain  on  the  virion  sur¬ 
face.  It  was  of  considerable  interest,  therefore,  to  determine  whether  such 
variant  viruses  remain  infectious  or  have  altered  pathogenicity  in  primate 
hosts.  Accordingly,  we  initiated  a  collaborative  study  with  COL  J.  LeDuc , 
Ph.D.  of  USAMRIID  and  L.  Binn,  Ph.D.  of  WRAIR  in  an  effort  to  determine 
whether  the  S18  variant  of  HM175  virus,  selected  for  high  level  resistance  to 
monoclonal  K24F2,  is  attenuated  for  New  World  owl  monkeys,  and  whether  infec¬ 
tion  of  the  owl  monkey  with  this  virus  is  associated  with  reversion  of 
neutralization  resistance. 
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Cvtopathic  HAV  variants  Recently,  several  unique  variants  of  HAV  have 
been  reported  to  induce  a  cytopathic  effect  in  monkey  kidney  cells  in  vitro 
(Venuti  et  al.,  1985;  Anderson,  1987a;  Cromeans  et  al.,  1987;  Nasser  and 
Metcalf,  1987).  In  at  least  three  instances,  cytopathic  variants  have  emerged 
during  continued  passage  of  persistently  infected  cell  cultures  (Anderson, 
1987a;  Cromeans  et  al.,  1987;  Nasser  and  Metcalf,  1987).  An  important 
attribute  of  these  cytopathic  variants,  each  derived  from  the  HM175  strain  of 
HAV,  is  that  they  appear  to  be  uniquely  well  adapted  to  growth  in  cell 
culture.  One  such  variant  (pHM175,  Cromeans  et  al.,  1987)  replicates 
significantly  more  rapidly  than  its  noncytopathic  precursor,  with  maximum 
viral  yields  reached  as  early  as  40  hours  after  inoculation  of  cells  under 
one-step  growth  conditions  (Cromeans  et  al . ,  1989).  In  further  characterizing 
this  cytopathic  variant,  we  noted  that  the  virus  had  spontaneously  acquired  a 
mutation  within  an  immunodominant  neutralization  epitope  (Ping  et  al.,  1988). 
"fhis  finding  prompted  a  detailed  antigenic  and  genetic  analysis  of  each  in  an 
effort  to  better  understand  the  molecular  basis  for  their  unique  growth 
properties  in  cell  culture. 

Identification  of  specific  strains  of  HAV  The  development  of  a 
relatively  rapid  and  specific  technique  for  identifying  specific  strains  of 
HAV  was  a  major  aim  of  the  original  contract  application,  as  clinical  trials 
of  live  and  inactivated  HAV  vaccines  will  require  the  availability  of  methods 
capable  of  distinguishing  wild- type  HAV  strains  from  vaccine  virus.  Certain 
differentiation  between  HAV  strains  has  been  accomplished  only  by  "RNA 
fingerprinting" ,  or  by  a  comparison  of  nucleotide  sequences  derived  from 
molecularly  cloned  viral  cDNA  (Weitz  and  Siegl,  1985;  Ticehurst  et  al.,  1989). 
Such  approaches  require  considerable  quantities  of  virus  or  the  adaptation  of 
virus  to  growth  in  cell  culture,  in  itself  a  difficult  task  and  one  which  may 
lead  to  mutations  within  genomic  RNA.  These  labor  intensive  methods  of 
distinguishing  between  viral  strains  are  not  directly  applicable  to  the  small 
quantities  of  virus  usually  present  in  clinical  specimens,  and  have  thus  been 
of  limited  use  in  epidemiologic  studies.  To  overcome  these  limitations  and 
develop  a  molecular  approach  to  studying  the  epidemiology  of  HAV,  we  turned  to 
the  polymerase  chain  reaction  (PCR)  as  a  means  of  amplifying  viral  nucleic 
acid  present  in  clinical  specimens. 

PCR  involves  the  selective,  enzymatic  amplification  of  a  segment  of  a 
DNA  molecule  and  may  effect  a  greater  than  106-fold  enrichment  of  a  target  DNA 
sequence  (Saiki  et  al . ,  1988).  The  exquisite  sensitivity  of  this  procedure 
makes  it  an  attractive  approach  to  viral  diagnosis,  but  also  leads  to 
potential  problems  with  respect  to  specificity.  Contamination  of  clinical 
specimens  with  miniscule  quantities  of  recombinant  nucleic  acid  present  in  the 
laboratory  environment  may  lead  to  false-positive  PCR  results,  and  in  some 
cases  random  priming  of  complex  mixtures  of  non-specific  nucleic  acids  may 
lead  to  amplification  of  stochastic  reaction  products.  Moreover,  typical 
methods  for  preparing  viral  nucleic  acid  for  PCR  are  tedious,  involve  multiple 
manipulations,  and  are  a  potential  source  of  contamination.  To  reduce  these 
potential  problems,  we  developed  an  integrated  immunoaffinity/PCR  procedure 
(antigen  capture/polymerase  chain  reaction  assay,  or  AC/PCR)  for  selective 
amplification  of  antigen- associated  viral  nucleic  acid.  This  was  accomplished 
by  a  solid-phase  antigen- capture  step,  carried  out  in  monoclonal  antibody- 
coated  microcentrifuge  tubes,  followed  by  heat  denaturation  of  immobilized 
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virus,  polymerase  chain  amplification  of  reverse -transcribed  cDNA  and  primer- 
extension  sequencing  of  amplified  transcripts. 

Simian  PA21  strain  of  HAV  In  1980,  during  collaborative  studies  between 
the  WRAIR  and  the  Gorgas  Memorial  Institute  in  Panama,  an  HAV  strain  (PA21) 
was  recovered  from  a  feral  owl  monkey  shortly  after  its  capture  and  admission 
to  a  primate  holding  facility  in  Panama  (Lemon  et  al.,  1982;  Binn  et  al., 

1984) .  Serologic  testing  of  other  owl  monkeys  demonstrated  wide-spread 
infection  with  HAV  within  the  colony  during  the  preceding  years,  with  most 
wild-caught  animals  seroconverting  within  months  of  capture.  Virus  recovered 
from  infected  monkeys  was  found  to  be  antigenically  indistinguishable  from 
human  HAV  by  quantitative  in  vitro  neutralization  assays  (Lemon  and  Binn, 
1983a),  and  in  preliminary  studies  with  monoclonal  antibodies  (Lemon  et  al., 
1987b).  Yet,  slot-blot  cDNA-RNA  hybridization  with  probes  derived  from  human 
HAV  suggested  that  the  PA21  virus  is  distinct  from  human  HAV  isolates  (Lemon 
et  al.,  1987b).  We  molecularly  cloned  and  partially  sequenced  the  genome  of 
PA21  virus,  in  an  effort  to  determine  the  basis  of  its  genetic  diversity  and 
how  this  might  relate  to  its  highly  conserved  antigenic  structure. 


EXPERIMENTAL  APPROACH 

1.  We  determined  the  complete  nucleotide  sequence  of  HM175  virus  at  the 
16th  in  vitro  passage  level,  and  compared  the  sequence  of  this  virus  to  that 
reported  previously  for  its  wild- type  parent  (Cohen  et  al.,  1987a).  These 
studies  have  determined  that  adaptation  of  this  virus  to  growth  in  vitro  was 
associated  with  a  limited  number  of  mutations,  and  have  suggested  a  possible 
molecular  basis  for  attenuation  of  the  virus. 

2.  HAV  cDNA  from  ten  plasmid  clones  derived  from  either  pl6  HM175 
(Jansen  et  al.,  1987)  or  wild-type  HM175  (Ticehurst  et  al.,  1983)  were 
assembled  into  a  genomic -length  construct.  This  construct  (pHAV/pl6)  contains 
the  complete  consensus  sequence  of  pl6  HM175,  minus  flanking  homopolymeric 
tails,  inserted  into  the  transcription  vector  pGEM3.  At  the  conclusion  of 
this  contract,  this  clone  was  being  evaluated  to  determine  whether  or  not  it 
was  infectious  following  transfection  as  either  DNA  or  RNA  into  permissive 
cells . 


3.  We  characterized  a  highly  cell  culture -adapted,  cytopathic  variant 
of  HAV  (pHM175  virus),  and  plaque-purified  viruses  that  were  representative  of 
two  virion  populations  present  within  pHM175  virus  harvests.  One  of  these 
viruses  was  found  to  be  a  spontaneous  neutralization  escape  mutant.  Both 
mutant  (43c  virus  clone'  and  antigenically  normal  pHM175  virus  (18f  virus 
clone)  were  found  to  be  cytopathic  in  BS-C-1  and  FRhK-4  cells.  We  identified 
capsid  mutations  in  both  viruses  by  direct  sequencing  of  virion  RNA,  and 
determined  the  stability  of  both  viruses  during  short  exposures  to  elevated 
temperatures . 

4.  We  evaluated  a  cell  culture -adapted,  neutralization-resistant 
variant  of  HM175  strain  HAV  (HM175/S18)  for  hepatovirulence  in  seronegative 
owl  monkeys.  Approximately  5.3  x  104  radioimmunofocus- forming  units  of  pi 
HM175/S18  were  given  intravenously  to  6  susceptible  owl  monkeys.  Outcome  was 
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compared  with  t^at  of  5  animals  infected  previously  with  wild-type  (wt)  HM175. 
Hepatovirulence  of  HM175/S18  was  associated  with  reversion  to  the  wild- type 
neutralization-susceptible  phenotype . 

5.  We  developed  and  evaluated  an  antigen-capture/polymerase  chain 
reaction  method  for  the  strain- specific  identification  of  HAV  in  human  fecal 
samples,  and  applied  this  method  to  the  partial  nucleotide  sequencing  of  a 
series  of  epidemiologically  distinct  human  HAV  strains. 

6.  The  genome  of  PA21  strain  HAV,  a  virus  recovered  from  infected  owl 
monkeys,  was  molecular ly  cloned  and  partially  sequenced.  The  marked  sequence 
divergence  found  between  this  virus  and  other  strains  of  HAV  recovered  from 
humans  suggests  that  PA21  virus  is  a  unique  genotype  of  HAV  and  may  possibly 
be  an  indigenous  virus  of  the  owl  monkey. 


RESEARCH  PROGRESS 

I  •  Cloning  and  sequencing  of  t>16  HM175  virus 

p!6  HM175  virus  For  analysis  of  the  genetic  changes  accompanying 
adaptation  of  HAV  to  growth  in  vitro,  we  determined  the  sequence  of  HM175 
virus  at  the  16th  in  vitro  passage  level,  and  compared  its  sequence  with  that 
of  wild- type  virus.  This  virus  was  initially  isolated  in  primary  African 
green  monkey  kidney  cells  (AGMK)  from  an  homogenate  of  liver  tissue  obtained 
from  a  marmoset  inoculated  with  wild- type  HM175  strain  HAV  (6th  marmoset- 
passage),  a  gift  of  S.M.  Feinstone  and  R.H.  Purcell,  National  Institute  of 
Allergy  and  Infectious  Diseases,  Bethesda,  MD,  USA.  The  origin  of  this  strain 
of  HAV  has  been  described  (Gust  et  al.,  1985).  Virus  was  adapted  to  growth  in 
vitro  as  described  previously  (Binn  et  al.,  1984),  and  after  10  AGMK  passages 
was  passed  once  in  continuous  green  monkey  kidney  cells  (BS-C-1).  Virus  was 
then  twice  plaque-purified  (Lemon  and  Jansen,  1985) ,  and  amplified  at  the  six¬ 
teenth  in  vitro  passage  level  (pl6  HM175  virus)  for  isolation  of  viral  RNA. 
Wild- type  HM175  virus,  employed  for  studies  determining  the  efficiency  of 
wild- type  virus  replication  in  vitro,  was  recovered  from  the  feces  of  a  New 
World  owl  monkey  (Aotus  trivirgatus)  inoculated  intravenously  with  a  human 
fecal  suspension  containing  HM175  strain  HAV  (LeDuc  et  al.,  1983). 

in  vitro  replication  competence  of  n!6  HM175  The  efficiency  of  replica¬ 
tion  of  pl6  HM175  virus  in  BS-C-1  cells  was  compared  with  that  of  wild-type 
virus  by  determining  the  proportion  of  virus  particles  capable  of  inducing 
foci  of  infection  detectable  under  agarose  overlays  2  weeks  after  inoculation 
of  cell  cultures  (for  details,  see  Report  Number  2).  The  wild-type  virus  used 
for  this  experiment  was  a  suspension  of  feces  obtained  from  an  owl  monkey 
(Aotus  trivirgatus)  experimentally  infected  with  HM175  virus  from  human  stool 
(LeDuc  et  al.,  1983).  The  number  of  RNA- containing  particles  was  estimated  in 
both  wild- type  and  pl6  cell  culture  inocula  by  quantitative  cDNA-RNA 
hybridization  (Jansen  et  al.,  1985).  Foci  of  viral  replication,  identified  by 
staining  infected  cell  sheets  with  radiolabelled  polyclonal  human  antibody 
(Lemon  and  Jansen,  1985) ,  were  considerably  larger  in  cells  inoculated  with 
pl6  virus  than  in  cells  inoculated  with  wild-type  virus,  indicating  more 
efficient  spread  of  the  pl6  virus  to  adjacent  cells.  Moreover,  cDNA-RNA 


10 


hybridization  results  (not  shown)  indicated  that  the  pi  6  virus  inoculum  con¬ 
tained  approximately  58  gengme  copies  (i.e.,  RNA  containing  particlts)  per 
RFU,  compared  with  2.4  x  10  particles  per  RFU  in  the  wild- type  virus  inocu¬ 
lum.  Thus,  there  was  an  approximately  4000-fold  difference  in  the  ability  of 
the  cell  culture -adapted  (pl6)  virus  and  wild-type  virus  to  initiate  foci  of 
replication  in  BS-C-1  cells. 

Molecular  cloning  of  p!6  HM175  virus  cDNA.  cDNA  clones  were  derived 
from  pl6  HM175  virus  RNA  by  cloning  cDNA-RNA  hybrid  molecules  into  the  Pstl 
site  of  plasmid  pBR322.  The  position  and  orientation  of  insert  fragments 
within  the  HAV  genome  was  determined  by  slot-blot  hybridization  with  wild- type 
cDNA  probes  and  by  selected  mapping  of  restriction  endonuclease  sites  (See 
Report  Number  1) .  Precise  mapping  of  cDNA  inserts  was  accomplished  by 
dideoxynucleotide  sequencing  of  plasmid  DNA  using  pBR322  Pstl  site-specific 
oligonucleotide  primers  (Pharmacia) .  Insert  fragments  from  pl6  cDNA  clones 
were  subcloned  into  the  phage  vector  M13mp8  or  M13mp9  and  subjected  to  rapid 
sequencing  using  the  dideoxynucleotide  method  of  Sanger  (Sanger  et  al.,  1977). 
As  physical  mapping  indicated  few  differences  between  pl6  virus  cDNA  and  wild- 
type  cDNA  in  terms  of  major  restriction  sites,  a  sequencing  strategy  was 
adopted  which  involved  the  subcloning  and  subsequent  sequencing  of  overlapping 
restriction  fragments.  Where  necessary,  additional  sequence  information  was 
obtained  by  direct  sequence  analysis  of  plasmid  DNA  using  HAV-specific 
oligonucleotide  primers  prepared  in  the  laboratory  of  C.  Hutchison  of  the 
University  of  North  Carolina  or  provided  as  a  gift  by  J.  Cohen  of  the  National 
Institute  of  Allergy  and  Infectious  Diseases,  Bethesda,  MD.  The  derived 
sequence  for  pl6  HAV  cDNA  was  assembled  with  Micro-Genie  software  (Beckman) 
and  compared  with  that  reported  by  Cohen  et  al.  for  wild  type  (3rd  marmoset 
passage)  HM175  virus  (Cohen  et  al.,  1987a),  and  p35  chimpanzee -attenuated 
HM175  (Cohen  et  al. ,  1987b).  Except  where  noted,  mutations  from  the  wild-type 
virus  sequence  were  considered  present  only  when  found  in  at  least  two 
independent  cDNA  clones  derived  from  pl6  virus. 

The  cDNA-RNA  cloning  strategy  adopted  permitted  clones  bearing  stable 
HAV  cDNA  inserts  to  be  obtained  from  minimal  quantities  of  viral  RNA.  This 
approach  was  taken  in  order  to  limit  the  number  of  virus  passages  between 
plaque  purification  and  isolation  of  viral  RNA  for  molecular  cloning.  Clones 
derived  from  cDNA  synthesized  with  oligo-dT1218  as  primer  were  nearly  always 
restricted  to  the  3'  terminus  of  the  genome,  while  clones  of  cDNA  synthesized 
with  random  oligonucleotide  primers  were  randomly  distributed  within  the 
genome.  Several  clones  containing  5'  terminal  sequences  were  identified, 
reflecting  one  advantage  of  the  cloning  of  cDNA-RNA  hybrid  molecules  (Cann  et 
al . ,  1983;  Stanway  et  al.,  1983).  Clones  with  overlapping  inserts  spanning 
the  HAV  genome  were  identified  by  hybridization,  limited  restriction  mapping, 
and  direct  sequencing  of  plasmid  DNA  (Figure  1),  and  selected  cDNA  insert 
fragments  were  subcloned  into  M13  vectors  for  sequencing.  The  sequence  of  the 
complete  genome  was  determined,  with  over  95%  of  the  sequence  confirmed  in 
sequencing  reactions  involving  both  strands  of  cDNA. 

Mutations  in  cell  culture-adapted  d!6  HM175.  A  total  of  19  mutations 
(20  base  changes)  was  evident  when  the  sequence  of  pl6  HM175  was  compared  with 
that  previously  reported  for  wild-type  HM175  virus  (Cohen  et  al.,  1987a) 

(Table  1).  Except  where  indicated  in  Table  1,  each  of  these  mutations  was 
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documented  in  at  least  two  independent  cDNA  clones  derived  from  pl6  virus. 
Mutations  clustered  in  the  5'  nontranslated  region  of  the  genome,  and  in  the 
P2  and  P3  regions  (Figure  2).  Altogether,  there  were  13  mutations  in  the 
large  open  reading  frame,  predicting  8  amino  acid  substitutions  in  the 
proteins  of  the  pl6  virus  (Table  1). 

(i)  5*  nontranslated  RNA.  There  were  five  mutations  (six  nucleotide 
changes)  in  the  5'  nontranslated  RNA  of  the  pl6  virus  genome.  At  the  5'  ter¬ 
minus,  there  was  the  addition  of  a  U,  confirmed  in  multiple  cDNA  clones,  and 
between  base  positions  203-7  a  UU  deletion  (map  positions  refer  to  published 
wild-type  HM175  sequence)  (Cohen  et  al.,  1987a).  Thus,  the  length  of  the  5' 
nontranslated  region  was  shortened  by  one  base  from  the  wild- type  genome.  The 
remaining  changes  included  a  G  ■*  A  at  position  8,  an  A  -*  G  at  position  152  and 
a  U  ■*  G  at  position  687. 

(ii)  PI  region.  The  capsid-encoding  region  was  relatively  free  of  muta¬ 
tions  compared  with  other  regions  of  the  genome.  One  nucleotide  substitution 
from  the  reported  wild- type  sequence  was  present  in  the  putative  VP3  coding 
region  (position  1742) ,  but  did  not  predict  a  change  in  the  amino  acid 
sequence  of  the  capsid  protein.  This  silent  "mutation"  has  been  found  in  all 
cell-culture  adapted  HM175  cDNA  clones  reported  to  date  (Cohen  et  al.,  1987b; 
Ross  et  al.,  1986),  and  may  in  fact  represent  the  true  wild-type  sequence,  as 
the  base  in  question  has  been  determined  in  only  a  single  wild- type  cDNA  clone 
(Cohen  et  al.,  1987a).  In  addition,  there  was  a  mutation  predicting  a  lysine 
to  arginine  substitution  in  amino  acid  residue  54  of  VP2  (map  position  964) . 
This  conservative  substitution  was  the  only  predicted  change  in  the  capsid 
structure  of  the  pl6  virion. 

(iii)  P2  region.  There  were  six  mutations  in  the  P2  region,  predicting 
four  amino  acid  substitutions.  According  to  the  HAV  polyprotein  cleavage 
sites  proposed  by  Cohen  et  al.  (1987a),  these  changes  included  one  amino  acid 
substitution  in  protein  2A,  two  in  protein  2B  and  one  in  protein  2C  (Table  1) . 

(iv)  P3  region.  In  the  P3  region,  there  were  5  nucleotide 
substitutions  predicting  three  amino  acid  substitutions.  There  were  no 
predicted  amino  acid  substitutions  in  proteins  3A  or  3Cpro,  the  putative  HAV 
protease.  In  the  VPg  (3B)  protein  (Weitz  et  al.,  1986),  however,  there  was  a 
glutamine  to  histidine  substitution  at  amino  acid  11.  Within  the  proposed 
polymerase  coding  region  there  were  three  mutations,  two  of  which  predicted 
amino  acid  substitutions  in  3Dpol.  These  substitutions  included  a  change  from 
aspartic  acid  to  glycine  at  residue  67  and  from  serine  to  threonine  at  residue 
192. 


(v)  3*  non- translated  RNA.  A  single  mutation  was  present  in  the  3' 

nontranslated  RNA,  involving  an  A  -*  G  substitution  at  map  position  7430. 

Comparison  of  p!6  virus  sequence  with  that  of  other  cell-culture  adapted 
HM175  variants.  The  complete  sequence  of  an  HM175  variant  that  had  been 
adapted  to  growth  in  African  green  monkey  kidney  cells  was  recently  reported 
by  Cohen  et  al.  (1987b).  This  p35  HM175  variant  was  isolated  directly  from 
human  feces  and  adapted  to  growth  in  vitro  without  prior  marmoset  passage.  It 
has  been  shown  to  be  attenuated  in  chimpanzees,  and  to  a  lesser  degree  in 
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marmosets  (Karron,  et  al.,  1988).  In  addition,  the  partial  sequence  of  a 
third  variant  (p59)  of  HM175  virus  has  been  reported  by  Ross  et  al.  (1986). 

The  p59  virus  had  been  adapted  to  growth  in  monkey  kidney  cells  following  six 
marmoset  passages,  in  vivo  passages  shared  in  common  with  the  wild- type  virus 
(first  3  marmoset  passages)  cloned  by  Ticehurst  et  al.  (Cohen  et  al.,  1987a) 
and  the  pl6  virus  (all  6  marmoset  passages).  Mutations  common  to  these 
independently  isolated  viruses  can  be  expected  to  have  special  relevance  to 
the  ability  of  virus  to  replicate  in  cell  culture. 

A  comparison  of  the  available  sequence  data  shows  that  HM175  variants 
sequenced  at  the  16th,  35th  and  59th  passage  levels  have  6,  7,  and  8  base  sub¬ 
stitutions,  deletions  or  additions  respectively,  within  the  5'  nontranslated 
region  of  the  viral  genome.  (The  5'  terminal  29  bases  have  not  been  reported 
for  the  p59  virus.)  The  pl6  and  p35  sequences  share  a  common  mutation  at  base 
position  152  (A  -»  G)  and  a  common  U  deletion  between  203-7.  This  latter 
change  is  also  found  in  p59  virus,  and  is  the  only  5'  mutation  common  to  all 
three  variants.  The  U  -►  G  substitution  found  at  map  position  687  in  pl6  virus 
is  also  present  in  the  p59  variant,  but  is  not  found  in  p35  virus.  Therefore, 
this  mutation  may  have  occurred  during  the  last  three  marmoset  passages  which 
the  pl6  and  p59  viruses  shared  in  common.  The  region  representing  map 
positions  124  through  207  appears  especially  prone  to  develop  mutations  during 
in  vitro  passage  of  the  virus  (Jansen  et  al.,  1987).  Within  this  region,  3.6% 
of  base  residues  were  altered  in  pl6  virus,  as  were  8.4%  in  the  p35  sequence, 
and  2.4%  in  the  p59  sequence.  This  mutational  "hot  spot"  also  contains  two  of 
the  three  5'  region  mutations  (map  positions  152  and  203-7)  common  to  two  or 
more  variants. 

The  full-length  sequences  of  the  pl6  and  p35  HM175  variants  are  remark¬ 
ably  concordant  in  terms  of  the  distribution  of  mutations  within  the  genome 
and  share  a  striking  number  of  identical  or  very  similar  mutations.  In  addi¬ 
tion  to  the  two  identical  mutations  in  the  5'  nontranslated  region,  there  are 
four  mutations  involving  identical  amino  acids  in  the  proteins  of  pl6  and  p35 
viruses  (Table  2).  This  represents  50%  of  the  predicted  amino  acid  substitu¬ 
tions  present  in  pl6  virus,  and  33%  of  those  present  in  p35  virus.  In  the  PI 
region,  the  single  mutation  (lysine  -*■  arginine)  in  VP2  of  pl6  virus  is  also 
present  in  p35  virus;  a  second  mutation  found  in  VP1  of  p35  virus  is  not 
present  in  pl6  HM175.  In  the  P2  region,  each  variant  has  one  mutation  in 
protein  2A,  and  two  in  protein  2B  (including  a  common  alanine  -*  valine  substi¬ 
tution  at  residue  72).  The  greatest  difference  between  the  two  viruses  is  in 
the  2C  protein,  in  which  there  is  one  predicted  amino  acid  substitution  in  pl6 
virus  and  four  substitutions  in  the  p35  variant.  Neither  virus  has  amino  acid 
substitutions  in  proteins  3A  or  3Cpro,  but  each  virus  has  one  substitution  (at 
different  sites)  among  the  23  amino  acids  of  VPg  (protein  3B) .  Of  particular 
interest,  there  are  two  predicted  amino  acid  substitutions  in  3Dpol  of  both 
pl6  and  p35  viruses.  These  substitutions  involve  identical  amino  acid 
residues,  including  an  identical  substitution  (serine  -*■  threonine)  at  residue 
192,  and  different  mutations  involving  aspartic  acid  67.  In  pl6,  a  mutation 
at  map  position  6148  predicts  a  substitution  of  this  residue  with  glycine, 
while  in  p35  virus  a  mutation  in  the  adjacent  nucleotide  (6147)  predicts  that 
this  amino  acid  is  replaced  with  asparagine.  Lastly,  a  single,  common  muta¬ 
tion  (A  -*  G  at  position  7430)  is  present  in  the  3'  non- translated  region  of 
both  variants.  With  the  possible  exception  of  the  apparent  change  at  map 
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position  1742,  these  changes  do  not  reflect  errors  in  the  reported  sequence  of 
wild-type  HM175,  as  the  wild-type  sequence  at  the  seven  other  sites  of  common 
mutations  indicated  in  Table  2  was  confirmed  by  Cohen  et  al.  in  at  least  two 
independent  wild-type  cDNA  clones  (Cohen  et  al.,  1987a). 

II .  Construction  of  a  genomic -length  clone  of  p!6  HM175  HAV  cDNA 

In  an  attempt  to  construct  an  infectious  cDNA  clone  of  virulent  HAV, 
cDNA  fragments  from  ten  HM175  cDNA  clones  (Jansen  et  al.,  1988;  Ticehurst  et 
al.,  1983)  have  been  used  to  assemble  a  genomic -length  cDNA  construct.  This 
was  accomplished  by  cleavage  and  ligation  of  overlapping  inserts  at  convenient 
restriction  enzyme  sites  (Figure  3).  Wild-type  HM175  cDNA  (Ticehurst  et  al . , 
1983;  Cohen  et  al.,  1987a)  containing  sequence  identical  to  the  pl6  consensus 
sequence  was  used  in  areas  of  the  genome  where  no  convenient  restriction  site 
fcas  available  in  the  pl6  cDNA  clones,  or  the  sequence  of  individual  pl6  clones 
contained  unique  mutations  not  present  in  other  clones  derived  from  that 
region  of  the  genome.  Such  mutations  were  not  considered  to  be  representative 
of  the  consensus  pl6  HM175  sequence.  All  ligation  sites  were  subsequently 
sequenced  to  preclude  the  introduction  of  any  sequence  errors  during  the 
cloning  procedure.  The  resulting  full-length  construct  (pHAV^plB)  ,  cloned 
into  the  PstI  site  of  pBR322,  contained  flanking  dC-dG  tails  derived  from  the 
original  cDNA-RNA  cloning  procedure  (Jansen  et  al.,  1988).  This  construct  was 
transfected  into  BS-C-1  cells  as  supercoiled  plasmid  DNA,  with  calcium 
phosphate  facilitation.  The  transfection  control  was  pHAV/7  cDNA,  derived 
from  attenuated  p35  HM175  virus  (Cohen  et  al.,  1987c)  and  obtained  from  R. 
Purcell  of  the  NIAID.  Transfected  cell  monolayers  were  grown  under  agarose 
overlays  for  two  weeks  at  36°C.  The  monolayers  were  then  acetone  fixed  and 
stained  with  radiolabelled  anti-HAV  Ig G  and  foci  of  virus  replication  detected 
by  autoradiography  (radioimmunofocus  assay).  HAV  replication  was  detected 
with  pHAV/7,  but  not  pHAVc^pl6 . 

Cohen  et  al.  (1987c)  have  suggested  that  homopolymeric  dC-dG  tails 
render  genomic- length  cDNA  constructs  of  HAV  non- infectious .  We  therefore 
removed  the  dC-dG  tail  at  the  5'  end  of  the  construct  using  a  polymerase  chain 
reaction  (PCR)  based  approach.  Nucleotides  0-885  of  the  pl6  genome  were 
amplified  from  clone  pHAVc^119  (Figure  1)  using  a  genomic-sense  PCR  primer 
from  nucleotide  870-885  and  an  antigenomic- sense  primer  containing  HAV 
specific  sequence  from  nucleotides  0-14  with  an  additional  seven  nucleotides 
containing  a  Hindi I I  restriction  enzyme  site  immediately  5’  of  nucleotide  0 
(note:  nucleotide  0  is  a  terminally  redundant  U  in  the  pl6  genome,  Jansen  et 
al.,  1988).  The  amplified  product  was  subsequently  cleaved  with  Hindlll  (nt 
0)  and  Xbal  (nt  745)  and  cloned  into  the  pGEM3  transcription  vector  (Promega) 
between  the  Hindlll  and  Xbal  sites  of  the  multiple  cloning  region,  to  create 
pHAV5'.  A  full-length  construct  of  pl6  lacking  dC-dG  tails  at  both  the  5'  and 
3'  ends  was  then  assembled  by  ligation  of  fragments  from  pHAV5'  (HAV  nt  0-24), 
PHAVchpl6  (nt  25-7003),  and  pHAV/7  (Cohen  et  al.,  1987c)  (nt  7004-7505) 

(Figure  4) .  The  resulting  construct  (pHAV/pl6)  contains  the  consensus  pl6 
HM175  sequence,  minus  a  mutation  at  7430  of  the  3'  noncoding  region  (Jansen  et 
al.,  1988),  inserted  between  the  Hindlll  and  Xbal  sites  of  the  multiple 
cloning  region  of  pGEM3  and  without  flanking  dC-dG  homopolymeric  tails. 
pHAV/7  cDNA  provided  a  convenient  3'  end  for  the  construct  (nt  7004-7505) 
because  it  lacked  a  dC-dG  tail  and  has  a  poly-A  tail  of  sufficient  length  for 
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infectivity.  cDNA  in  this  region  was  originally  derived  from  wild- type  HM175 
(Ticehurst  et  al.,  1983)  and  differs  from  the  pl6  sequence  at  only  one  base 
(nt  7430  of  the  3'  noncoding  region)  (Table  1).  Absence  of  this  nucleotide 
change  has  no  demonstrable  effect  on  HAV  cDNA  infectivity  (Cohen  et  al., 
1987c). 

At  the  conclusion  of  the  contract,  the  infectivity  of  this  construct  was 
under  evaluation. 

Ill .  Characterization  and  partial  nucleotide  sequencing  of  cvtopathic  pHM175 
HAV  variants 


pHM175  virus  Persistent  infection  of  BS-C-1  cells  with  pl6  HM175  virus 
was  established  as  described  previously  (Cromeans  et  al.,  1987).  "pHM175" 

virus  was  recovered  by  disruption  of  these  persistently  infected  cells  after 
21  to  23  subculture  passages  made  at  2  to  4  week  intervals.  Unless  otherwise 
noted,  pHMl75  virus  stock  had  been  serially  passaged  4  times  at  low  m.o.i.  in 
FRhK-4  cells.  By  "serial  passage",  we  mean  the  passage  of  virus  recovered  by 
disruption  of  infected  cells.  "43c"  virus  was  twice  plaque -purified  from 
neutral  red-stained  overlays  of  FRhK-4  cells  inoculated  with  pHM175  virus,  and 
was  selected  for  its  ability  to  induce  clearly  visible  plaques  In  this  cell 
line.  43c  stock  virus  was  prepared  in  FRhK-4  cells.  "18f"  virus  was  twice 
clonally  isolated  from  agarose  overlying  foci  of  viral  replication  in 
radio immuno focus  assays  (Lemon  and  Jansen,  1985)  (see  below)  of  BS-C-1  cells 
inoculated  with  pHM175  virus;  it  was  selected  for  continued  reactivity  with 
monoclonal  antibody  K24F2.  18f  stock  virus  was  prepared  in  BS-C-1  cells. 

Antigenic  variation  among  dHM175  variants  Persistent  HAV  infection  was 
established  by  inoculation  of  BS-C-1  cells  with  pl6  HM175  (Cromeans  et  al., 
1987).  Cells  were  subsequently  subcultured  at  2-4  week  intervals.  Rapidly 
replicating  virus  (pHM175)  was  recovered  by  disruption  of  cells  after  21-23 
subculture  passages,  and  was  shown  to  induce  a  cytopathic  effect  in  both  BS-C- 
1  cells  and  high-passage  level  FRhK-4  cells  (Cromeans  et  al.,  1987;  Cromeans 
et  al.,  1989).  We  confirmed  these  results  by  establishing  a  plaque  assay  with 
HAV  recovered  by  disruption  of  persistently  infected  BS-C-1  cells  at  the  21st- 
23rd  passage  level.  Conventional  plaque  assays  were  carried  out  with  either 
FRhK-4  or  BS-C-1  cells.  Following  inoculation  with  pHM175  virus,  cell  sheets 
were  overlaid  with  0.5%  agarose  (Seakem  ME,  Rockland,  ME)  containing  2.0% 
heat- inactivated  fetal  calf  serum  and  placed  at  35  °C  in  a  humidified 
environment  with  5%  CO2.  Six  days  later,  a  second  overlay  containing  0.5% 
agarose,  25mM  MgC^  and  neutral  red  (final  concentration  0.02%)  was  added. 
Visible  plaques  were  counted  6-24  hours  later. 

A  clonal  isolate  (43c  virus)  was  twice  plaque-purified  from  the  pHM175 
virus  harvest.  When  cell  monolayers  inoculated  with  43c  virus  and  overlaid 
with  agarose  were  sequentially  stained  with  neutral  red  and  then  processed  for 
detection  of  radio immuno foe i ,  there  was  excellent  concordance  between  the 
numbers  of  visible  plaques  and  radio immuno foci  (not  shown).  Only  occasional 
foci  of  viral  replication  that  were  visualized  by  staining  with  [12  -I]- 
labeled  polyclonal  anti -HAV  in  the  radioimmunofocus  assay  were  not  recognized 
as  plaques  following  the  staining  of  cell  sheets  with  neutral  red. 

Furthermore,  autoradiograms  of  the  [ ] -anti-HAV  stained  cell  sheets  often 
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showed  replication  foci  with  central  areas  of  cell  necrosis,  confirming  the 
HAV-specific  nature  of  the  cytopathic  effect. 


As  further  proof  that  HAV  was  responsible  for  plaque  formation, 
neutralization  of  the  plaque-purified  43c  virus  was  attempted  with  murine 
monoclonal  antibodies  to  HAV  in  a  plaque- reduction  neutralization  test. 
Surprisingly,  these  tests  revealed  that  43c  virus  was  susceptible  to 
neutralization  with  antibody  K34C8  (83%  plaque  reduction  at  0.1  mg/ml 
antibody),  but  resistant  to  antibody  K24F2  (only  4.4%  plaque  reduction). 

These  results  were  subsequently  confirmed  in  a  radioimmunofocus  inhibition 
assay  (not  shown) .  The  K34C8  and  K24F2  monoclonal  antibodies  were  raised 
against  the  HM790  strain  of  HAV  (MacGregor  et  al.,  1983),  and  both  have  been 
shown  previously  to  neutralize  HM175  virus  following  its  adaptation  to  growth 
in  cell  culture  (Stapleton  and  Lemon,  1987).  These  results  thus  indicated 
that  passage  of  HM175  virus  in  persistently  infected  BS-C-1  cells  and 
subsequent  plaque  selection  of  virus  capable  of  inducing  a  cytopathic  effect, 
all  in  the  absence  of  applied  antibody  pressure,  had  resulted  in  isolation  of 
virus  with  altered  antigenicity  and  a  K24F2  neutralization  escape  phenotype. 

Relative  replication  advantages  of  K24F2 -resistant  and  K24F2 -sensitive 
virus  during  acute  and  persistent  infections  We  examined  several  different 
passage  levels  of  the  persistently  infected  BS-C-1  cells,  and  harvests  made 
from  subsequent  serial  passage  of  pHM175  virus  in  BS-C-1  and  FRhK-4  cells. 

The  epitope- specific  radioimmunofocus  assay  employed  in  these  studies  involved 
sequential  staining  of  infected  cell  sheets  with  radioiodinated  monoclonal 
(K24F2)  and  polyclonal  (JC)  antibodies.  Replication  foci  of  virus  bearing  the 
K24F2  epitope  (K24F2+,  wild- type  antigenic  phenotype)  were  visualized  by 
autoradiography  following  reaction  with  either  the  monoclonal  antibody  or  the 
polyclonal  antibody,  while  foci  of  K24F2  resistant  mutants  (K24F2'  phenotype) 
were  recognized  only  by  staining  with  polyclonal  antibody.  This  approach 
revealed  that  99%  of  the  infectious  virus  particles  present  in  disrupted  cell 
lysates  from  the  23rd  passage  of  persistently  infected  BS-C-1  cells  were  of 
the  mutant  K24F2  phenotype.  However,  with  subsequent  serial  passage  of  this 
virus  in  FRhK-4  cells,  virus  with  a  normal  antigenic  phenotype  (K24F2+)  was 
selected  over  K24F2'  virus.  The  K24F2+  virus  represented  92-97%  of  all 
infectious  virus  after  3-4  serial  passages  in  FRhK-4  cells  (see  Report  Number 
3  for  specific  details  of  these  studies). 

Both  K24F2-resistant  and  K24F2-sensitive  PHM175  virus  induce  a 
cytopathic  effect It  was  of  interest  to  determine  whether  K24F2+  pHM175  virus 
was  also  capable  of  inducing  a  cytopathic  effect.  Accordingly,  a  K24F2+  virus 
variant  (18f  virus)  was  clonally  isolated  from  the  agarose  overlay  of  an 
epitope-specific  radioimmunofocus  assay  carried  out  in  BS-C-1  cells.  Unlike 
the  43c  virus  which  was  selected  for  its  ability  to  induce  distinct  plaques, 
18f  virus  was  selected  for  its  continuing  ability  to  react  with  K24F2 
antibody.  18f  virus  was  shown  to  have  a  rapidly  replicating  phenotype,  as  it 
formed  large  radioimmunofoci  within  7  days  after  inoculation  of  cells. 

Similar  size  replication  foci  require  approximately  14  days  incubation  with 
the  parental  pl6  virus.  Furthermore,  18f  virus  produced  cytopathic  effects  in 
both  BS-C-1  and  FRhK-4  cells  matching  those  found  with  the  K24F2'  43c  virus 
(Table  3).  These  cytopathic  changes  were  similar  to  those  described 
previously  (Anderson,  1987a;  Cromeans  et  al.,  1987),  and  included  the 
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rounding-up  of  cells  followed  by  their  release  from  the  cell  sheet.  18f  virus 
generated  distinct  plaques  in  BS-C-1  cells  maintained  under  agarose  and 
stained  with  neutral  red  (not  shown) .  The  growth  properties  of  18f  and  43c 
viruses  were  similar  (Table  3).  These  studies  thus  demonstrated  that  escape 
from  neutralization  by  K24F2  was  neither  necessary  for  nor  specifically 
associated  with  the  ability  of  HM175  virus  variants  to  generate  a  cytopathic 
effect  in  cell  culture. 

Capsid  mutations  associated  with  K24F2  neutralization  escape,  persistent 
infection,  and  cvtopathlc  phenotype  To  determine  capsid  protein  mutations  in 
43c  and  18f  viruses,  we  sequenced  the  PI  regions  of  genomic  RNA  extracted  from 
these  variants  and  compared  these  sequences  with  those  of  wild- type  (3 
marmoset  passages)  (Cohen  et  al.,  1987a)  and  pl6  HM175  virus  (Jansen  et  al., 
1988)  (Table  4).  The  change  at  residue  2-054  which  was  found  in  the  parent 
pl6  virus  was  also  present  in  both  43c  and  18f  viruses,  as  was  the  single 
silent  mutation  at  base  1742.  However,  in  the  K24F2+  18f  virus,  additional 
mutations  were  identified  by  RNA  sequencing  at  residues  3-091  (threonine  to 
lysine),  and  1-271  (serine  to  proline)  (Table  4).  Interestingly,  the 
substitution  at  residue  3-091  in  18f  virus  occurred  as  a  result  of  a  mutation 
in  the  base  (1741)  adjoining  the  silent  mutation  found  in  all  the  cell 
culture-adapted  variants,  resulting  in  a  change  in  two  of  the  bases  present  in 
the  wild-type  codon.  As  previously  reported  (Ping  et  al.,  1988),  mutations 
were  found  at  residues  3-070  (aspartic  acid  to  alanine),  1-197  (asparagine  to 
serine)  and  1-276  (methionine  to  valine)  of  the  K24F2'  43c  virus.  Thus, 
remarkably  similar  mutations  were  found  in  the  43c  and  18f  cytopathic  viruses, 
with  mutations  present  in  both  viruses  in  regions  bounded  by  residues  70  to  91 
of  VP3,  and  271  to  276  of  VP1.  Outside  these  regions,  only  two  additional 
mutations  (from  the  noncytopathic  pl6  virus)  were  noted  in  the  PI  genomic 
sequences  of  43c  and  18f  viruses,  one  of  which  was  silent  (base  2684  of  18f ) . 
These  data  thus  indicate  a  relatively  low  rate  of  mutation  in  the  PI  region  of 
the  genome  during  persistent  infection  over  the  course  of  almost  one  year. 

Comparative  antigenicity  of  cytopathic  43c  and  18f  HM175  variants  We 
carried  out  a  detailed  comparison  of  the  antigenicity  of  43c,  18f  and  pl6 
viruses,  using  a  panel  of  neutralizing  murine  monoclonal  antibodies  assembled 
from  several  laboratories.  Standardized  quantities  of  each  virus  (determined 
by  cDNA-RNA  hybridization)  were  tested  for  ability  to  bind  monoclonal 
antibodies  in  an  indirect  radioimmunoassay  (Ping  et  al. ,  1988).  While  these 
assays  demonstrated  that  43c  virus  was  poorly  recognized  by  many  of  the 
monoclonal  antibodies,  the  18f  variant  was  indistinguishable  from  the 
noncytopathic  pl6  virus  (for  details,  see  Report  Number  3).  As  further 
evidence  of  the  antigenic  differences  between  these  viruses,  standardized 
quantities  of  each  virus  were  tested  in  a  polyclonal  radioimmunoassay.  These 
results  indicated  that  the  few  capsid  mutations  present  in  43c  virus  resulted 
in  a  marked  reduction  in  the  antigenicity  of  the  virus  that  was  detectable  in 
a  polyclonal  antibody -based  assay.  This  finding  supports  the  concept  that  the 
HAV  capsid  displays  an  immunodominant  antigenic  site  on  its  surface  (Stapleton 
and  Lemon,  1987;  Ping  et  al.,  1988).  In  contrast,  the  mutations  present  in 
the  18f  capsid  did  not  result  in  demonstrable  changes  in  antigenicity  in 
either  monoclonal  or  polyclonal  radioimmunoassays.  These  findings  have  been 
confirmed  in  subsequent  monoclonal  antibody  neutralization  assays. 
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Thermal  stability  of  cvtopathic  HM175  variants  Since  it  has  been 
suggested  that  another  cytopathic  variant  arising  from  HM175  virus  during 
persistent  infection  in  vitro  might  have  reduced  virion  stability  at  elevated 
temperatures  (Anderson,  1987) ,  we  determined  whether  the  mutations  present  in 
43c  and  18f  variants  affected  the  thermal  stability  of  these  viruses.  Crude 
cell  lysates  containing  pl6,  43c  and  18f  viruses  were  heated  for  10  min  at 
temperatures  ranging  from  40  “C  to  90  °C,  then  assayed  for  infectious  virus  at 
35  °C  (for  details,  see  Report  Number  3),  and  for  HAV  antigen  detectable  in  a 
polyclonal  solid-phase  radioimmunoassay.  Incubations  were  carried  out  in  the 
absence  or  presence  of  additional  Mg^  (1  H  MgC^)  ,  as  this  divalent  cation  is 
known  to  stabilize  the  HAV  capsid  against  heat  denaturation  (Siegl  et  al., 

1984) .  These  studies  failed  to  demonstrate  reproducible  differences  between 
the  thermal  stability  of  the  pl6  virus  and  that  of  the  cytopathic  43c  and  18f 
variants,  indicating  that  the  rapidly  replicating  cytopathic  phenotype  was  not 
(associated  with  reduced  thermal  stability  of  the  virus  capsid.  With 
increasing  temperatures,  significant  decrements  in  infectivity  of  each  virus 
were  noted  before  comparable  reductions  in  antigenicity,  suggesting  heat- 
related  conversion  of  virus  to  noninfectious  particles  that  retained 
antigenicity.  As  expected,  the  addition  of  1  H  Mg++  resulted  in  an  increase 
of  approximately  20  °C  in  the  50%  survival  point  of  all  three  viruses. 

IV.  Virulence  of  a  neutralization  escape  mutant  derived  from  p!6  HM175 

HM175/S18  virus  HM175/S18,  a  neutralization  resistant  variant  of  HM175 
virus  was  isolated  by  repetitive  cycles  of  neutralization  with  monoclonal 
antibody  K24F2,  followed  by  amplification  and  plaque -purification  as  described 
previously  (Stapleton,  1987).  This  virus  escapes  neutralization  by  many  anti- 
HAV  monoclonal  antibodies,  due  to  a  replacement  of  the  aspartic  acid  70 
residue  of  the  capsid  protein  VP3  with  histidine  (Ping  et  al . ,  1988). 

Animal  challenge  experiments  Experimental  infection  of  healthy, 
seronegative  New  World  owl  monkeys  (Aotus  trivirgatus)  was  carried  out  as 
described  previously  (LeDuc,  1983),  in  collaboration  with  COL  J.  LeDuc,  Ph.D. 
(USAMRIID)  and  L.  Binn,  Ph.D.  (WRAIR) .  Six  seronegative  owl  monkeys  were 
inoculated  intravenously  with  5.3  x  10^  RFU  of  pi  HM175/S18  virus.  All  six 
monkeys  seroconverced  to  anti-HAV  positive  in  the  HAVAB  radioimmunoassay  by  32 
days  postinoculation.  Elevations  of  serum  ALT  activities  were  noted  in  all 
six  monkeys,  as  was  fecal  shedding  of  HAV  antigen  detectable  by  solid-phase 
radioimmunoassay  (for  details  of  these  studies,  see  Report  Number  2).  The 
response  to  intravenous  inoculation  of  HM175/S18  virus  was  compared  to  that 
following  intravenous  inoculation  of  wild- type  HM175  virus  (human  fecal 
suspension),  given  to  five  owl  monkeys  in  a  previous  study  (LeDuc  et  al., 
1983).  The  mean  maximum  fold- increase  in  serum  ALT  in  monkeys  infected  with 
HM175/S18  was  6.5  (range  3.8-11.3),  compared  with  8.5  (range  2.6-16.5)  in  mon¬ 
keys  infected  with  wild- type  virus.  The  period  from  inoculation  of  HM175/S18 
to  maximal  ALT  elevation  was  28.2  days  (range  22-33),  compared  with  34.8  days 
(range  25-43)  for  wild- type  virus.  Antigen  shedding  in  feces  appeared  to  be 
reduced  in  HM175/S18  virur- infected  monkeys  (mean  maximum  S/N  16.2,  range  3.4- 
36.4)  compared  with  monkeys  infected  with  wild- type  virus  (mean  maximum  S/N 
73.2,  range  24-112). 
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Because  HM175/S18  virus  is  highly  adapted  to  growth  in  cell  culture,  it 
was  possible  to  efficiently  recover  virus  from  fecal  suspensions  and  serum 
specimens  collected  from  infected  owl  monkeys  (Lemon  et  al. ,  1989)  (Figure  5). 
In  three  monkeys,  virus  was  first  noted  at  low  titers  in  fecal  suspensions  4 
days  after  intravenous  inoculation  and  was  present  in  the  feces  of  all  monkeys 
by  day  6.  Epitope -specific  radioimmunofocus  assays  demonstrated  that  virus 
shed  in  the  first  few  days  of  infection  was  of  the  mutant  phenotype,  but  that 
such  virus  was  replaced  by  day  10  with  virus  which  was  antigenically  normal 
(i.e.,  reactive  with  the  monoclonal  K24F2)  (Lemon  et  al.,  1989).  Fecal  virus 
shedding  peaked  in  all  monkeys  prior  to  maximum  elevations  of  serum  amino¬ 
transferase  activities,  but  sporadic  shedding  of  small  quantities  of  virus 
occurred  as  late  as  35-42  days  after  inoculation  (Figure  5).  Fecal  virus 
shedding  was  not  noted  in  subsequent  specimens  collected  between  75  and  102 
days.  Viremia  was  documented  in  all  six  monkeys  inoculated  with  HM175/S18 
virus.  The  course  of  the  viremia  generally  paralleled  fecal  shedding  of 
virus,  but  the  quantity  of  virus  present  in  serum  was  always  several  orders  of 
magnitude  less  than  that  in  feces.  Neutralizing  antibody  was  present  in  each 
of  the  owl  monkeys  by  35  days  after  inoculation,  and  by  21  days  in  animals  12, 
A5 ,  and  PN2 . 

Neutralization  phenotype  of  HM175/S18  virus  after  monkey  passage.  Virus 
present  in  fecal  specimens  collected  21  days  postinoculation  from  both  monkeys 
was  tested  in  a  log- reduction  neutralization  assay,  against  monoclonal  K24F2 
and  compared  with  pi  HM175/S18  virus  and  its  pl5  HM175  parent.  Virus  from  PN2 
and  J1  demonstrated  a  neutralization  susceptibility  (1.16  and  1.12  log 
reduction)  approaching  that  of  the  pl5  HM175  parent  virus  (1.57  and  1.36  log1Q 
reduction),  confirming  the  epitope-specific  radioimmunofocus  assays  described 
above.  These  findings  were  further  confirmed  by  direct  sequencing  of  RNA  from 
virus  recovered  from  animal  PN2,  which  demonstrated  reversion  to  the  wild- type 
aspartic  acid  residue  at  position  70  of  VP3  (Lemon  et  al.,  1989).  Thus, 
passage  of  HM175/S18  in  the  owl  monkey  was  associated  with  selection  of 
revertant  virus. 

V.  Development  of  an  antigen-caDture/polvmerase  chain  reaction  (AC/PCR) 
method  for  strain- specific  identification  of  HAV  in  human  fecal  materials 


Sensitivity  of  AC/PCR  The  method  was  described  in  detail  in  Report 
Number  3  of  this  contract.  Only  results  will  be  summarized  here.  To  evaluate 
the  sensitivity  of  AC/PCR,  we  compared  its  ability  to  detect  viral  nucleic 
acid  with  a  conventional  PCR  method  involving  the  enzymatic  amplification  of 
cDNA  made  from  HAV  RNA  that  had  been  prepared  by  phenol/chloroform  extraction 
following  incubation  of  virus  with  SDS  and  proteinase  K.  Serial  dilutions  of 
a  suspension  of  feces  collected  from  an  experimentally  infected  owl  monkey 
were  tested  in  parallel  by  both  methods.  A  region  in  the  viral  genome  206 
nucleotides  in  length  and  encoding  capsid  protein  VP3  near  its  carboxy 
terminus  was  selected  for  amplification  by  PCR.  In  replicate  experiments, 
both  AC/PCR  and  the  conventional  PCR  method  yielded  a  single  amplified 
reaction  product  of  the  expected  length,  confirmed  to  contain  the  appropriate 
HAV  sequence  by  Southern  hybridization.  The  end-point  dilutions  were  similar 
for  both  methods,  indicating  that  heat -denatured,  affinity- isolated  virus 
provided  template  of  sufficient  purity  for  subsequent  polymerase  reactions. 


Since  the  fecal  specimen  tested  in  this  experiment  was  collected  from  an 
owl  monkey  that  had  been  inoculated  with  a  cell  culture -adapted  HAV  variant 
(see  above;  Lemon  et  al.,  1989),  we  were  able  to  compare  the  detection  limits 
of  AC/PCR  with  the  infectious  titer  determined  by  an  in  vitro  radio immunofocus 
assay  (10' •  radioimmunofocus -forming  units  (RFU)/g  of  the  original  fecal 
sample) .  With  serial  dilutions  of  the  fecal  suspension  down  to  that 
containing  as  little  as  0.47  RFU  in  the  tested  sample,  AC/PCR  resulted  in 
progressively  lesser  amounts  of  the  amplified  reaction  product.  A  weak  signal 
was  detected  at  0.047  RFU,  while  an  isolated  positive  result  was  obtained  at 
0.0047  RFU.  PCR  amplification  of  cDNA  derived  from  phenol/chloroform- 
extracted  viral  RNA  appeared  similarly  quantitative  with  respect  to  input 
virus,  with  reaction  products  consistently  detected  down  to  0.047  RFU  (see 
Report  Number  3).  Previous  experiments  in  our  laboratory  have  suggested  that 
the  particle/infectivity  ratio  of  cell  culture -adapted  HAV  is  approximately 
60:1  (see  Report  Number  2;  Jansen  et  al.,  1988);  thus,  the  limits  of  detection 
by  both  techniques  is  in  the  range  of  3  to  30  virus  particles . 

Specificity  of  AC/PCR  HAV- containing  samples  were  placed  into  reaction 
tubes  coated  with  monoclonal  antibodies  to  HAV,  poliovirus  type  1  (PV1) ,  or 
respiratory  syncytial  virus  (RSV)  for  assay  by  AC/PCR.  Strong  hybridization 
signals  were  obtained  with  products  from  reaction  tubes  coated  with  anti-HAV 
monoclonal  antibody,  while  residual  virus  present  in  reaction  vessels  coated 
with  nonspecific  antibodies  led  only  occasionally  to  low  levels  of  amplified 
HAV  reaction  products  detectable  by  Southern  hybridization. 

Application  of  AC/PCR;  Comparison  with  Conventional  Methods  for 
Detection  of  HAV  Fecal  specimens  from  21  acutely  infected  American  soldiers 
were  examined  for  the  presence  of  HAV  by  means  of  AC/PCR.  These  specimens  had 
been  collected  during  the  first  week  of  illness  from  IgM  anti-HAV  positive 
soldiers  involved  in  a  common  source  outbreak  of  hepatitis  A  which  occurred 
during  a  field  exercise  at  Grafenwohr,  in  the  Federal  Republic  of  Germany, 
during  the  summer  of  1982  (see  relevant  EPICON  report;  Lednar  et  al.,  1985). 
Seventeen  of  21  (81%)  individual  fecal  specimens  yielded  reaction  products 
(206  bp)  that  were  visualized  in  an  ethidium  bromide- stained  agarose  gel. 
Further  analysis  by  Southern  hybridization  revealed  2  additional  positive 
samples  (data  not  shown),  bringing  the  total  number  of  HAV-positive  specimens 
to  19  (90%).  The  sensitivity  of  AC/PCR  was  thus  significantly  greater  than 
solid-phase  radioimmunoassay  and  immunoaffinity  cDNA/RNA  hybridization  (Jansen 
et  al.,  1985),  two  methods  commonly  used  for  detection  of  HAV  in  clinical 
samples.  Of  18  fecal  specimens  that  were  positive  for  HAV  by  AC/PCR,  only  13 
were  positive  by  cDNA-RNA  hybridization.  Ten  of  these  specimens  contained  HAV 
antigen  detectable  by  solid-phase  radioimmunoassay.  In  general,  there  was  a 
quantitative  relationship  between  the  cDNA-RNA  hybridization  blot  intensity, 
radioimmunoassay  sample/negative  control  (S/N)  ratio,  and  the  quantity  of  PCR- 
amplified  product  obtained  from  each  positive  fecal  sample  (not  shown) .  These 
results  suggest  that  AC/PCR  is  at  least  semi-quantitative  under  the  conditions 
employed. 

Molecular  Epidemiology  of  HAV  Reaction  products  amplified  by  AC/PCR 
from  clinical  samples  (or  cell  culture  materials)  containing  HAV  obtained  in 
different  epidemiologic  settings  were  sequenced  by  extension  of  labelled 
primers  in  the  presence  of  dideoxynucleotides .  To  compare  HAV  strains,  we 
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analyzed  colinear  sequences  of  each  virus  derived  from  two  different  genomic 
regions.  These  regions  spanned  nucleotides  2056  to  2208  (carboxy  terminal 
region  of  VP3) ,  and  3020  to  3191  (VP1/2A  junction  region)  in  the  viral  genome. 
The  325  nucleotide  bases  thus  included  in  this  analysis  represent 
approximately  5%  of  the  viral  genome.  We  found  no  differences  in  the  sequence 
of  AC/PCR  reaction  products  derived  from  cell  culture -adapted  HM175,  CR326  or 
HAS15  strains  of  HAV,  and  the  sequences  of  these  viruses  reported  previously 
from  molecularly  cloned  cDNA  (Cohen  et  al.,  1987a;  Linemeyer  et  al.,  1985; 
Ovchinikov  et  al.,  1985),  demonstrating  the  accuracy  of  sequence  data  derived 
from  viral  RNA  by  AC/PCR.  The  AC/PCR- derived  sequence  of  strain  MBB  fecal 
material  differed  from  the  reported  cDNA-derived  sequence  at  a  single  base 
position  (Paul  et  al,  1987).  However,  substantial  differences  (up  to  9.8% 
nucleotide  nonidentity)  were  found  between  AC/PCR  reaction  products  of  HAV 
strains  obtained  in  different  epidemiologic  settings.  These  results  allowed 
construction  of  a  dendrogram  showing  genetic  relatedness  among  these  strains 
(Figure  6) .  Similar  results  were  obtained  by  independent  comparisons  within 
each  genomic  region  (VP3  and  VP1/2A) ,  indicating  that  the  sample  size  was 
sufficient  for  reliable  measures  of  relatedness. 

Viruses  present  in  fecal  samples  collected  from  three  soldiers  (GR-1, 
GR-7  and  GR-CL)  involved  in  the  1982  Grafenwohr  outbreak  of  hepatitis  A  in  the 
Federal  Republic  of  Germany  shared  a  common  nucleotide  sequence,  as  might  be 
expected.  Similarly,  fecal  specimens  collected  from  three  cases  of  endemic 
hepatitis  A  occurring  in  central  Greece  over  a  5  month  period  during  1983 
(AG11 ,  AG5978 ,  and  AG6014)  contained  viruses  that  were  identical  or  differed 
at  a  single  base  position,  suggesting  the  presence  of  a  single  virus 
circulating  in  Greece  at  that  time.  However,  the  sequences  of  the  viruses 
recovered  in  Greece  and  in  Germany  differed  from  each  other  by  9 . 8% .  As  this 
difference  is  as  great  as  that  between  any  two  strains  of  human  HAV,  these 
data  indicate  the  existence  of  distinct  strains  of  HAV  in  Northern  and 
Southern  Europe  during  1982-1983  and  suggest  a  new  view  of  the  epidemiology  of 
HAV  in  human  populations . 

Of  particular  interest  was  the  fact  that  fecal  specimen  LV-BE  contained 
virus  with  a  sequence  identical  to  the  virus  causing  the  German  epidemic.  LV- 
BE  was  collected  from  an  American  soldier  involved  in  an  epidemic  of  hepatitis 
A  which  occurz  military  prison  at  Fort  Leavenworth,  Kansas  during 

the  summer  of  1984  (.see  relevant  EPICON  report;  Lednar  et  al.,  1985).  The 
fact  that  the  sequence  of  this  virus  was  identical  to  that  causing  a 
simultaneous  outbreak  among  American  soldiers  in  Europe  establishes  a  clear 
but  previously  unrecognized  epidemiologic  link  between  these  two  HAV 
epidemics.  This  result  dramatically  underscores  the  power  of  this  approach  to 
studying  the  epidemiology  of  HAV  at  the  molecular  level. 

Also  surprising  was  the  fact  that  HAS -15  and  LCDC  viruses  (obtained  from 
the  Laboratory  for  the  Center  for  Disease  Control,  Ottawa,  Canada)  shared 
identical  sequences.  This  result  may  indicate  very  close  relatedness  two 
among  diverse  isolates  (HAS -15  was  recovered  near  Phoenix,  AZ,  while  LCDC  was 
recovered  human  feces  collected  from  an  ill  patient  in  China).  However, 
several  other  cell  culture  derived  "isolates"  from  other  laboratories  appear 
to  be  contaminants  derived  from  prototype  laboratory  strains  and  not  original 
isolations  of  HAV.  We  have  compared  the  nucleotide  sequence  of  such 
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"isolates"  with  that  of  virus  in  fecal  material.  An  example  is  the  KMW-1 
strain  of  HAV:  the  sequence  of  this  virus  when  studied  from  feces  is  markedly 
different  from  that  of  the  related  cell  culture -adapted  isolate  (both  obtained 
from  G.  Siegl,  Bern,  Switzerland),  which  is  itself  identical  to  the  MBB 
strain.  In  this  case  it  is  certain  that  the  KMW-1  "isolate"  is  an  MBB 
contaminant,  as  MBB  virus  was  also  under  culture  in  this  laboratory.  Since 
the  LCDC  sequence  was  derived  from  virus  propagated  in  cell  culture,  a  firm 
conclusion  concerning  the  relatedness  of  LCDC  and  HAS -15  must  await  the 
testing  of  LCDC  virus  present  in  fecal  samples. 
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VI.  Partial  genomic  sequence  of  the  PA21  strain  of  HAV  recovered  from  New 
World  Panamanian  owl  monkeys . 

RNA  was  isolated  from  gradient -purified  PA21  virus.  Random 
oligonucleotide  primers  were  used  to  generate  double- stranded  cDNA  by  the 
method  of  Gubler  and  Hoffman  (Brown  et  al. ,  1989).  The  cDNA  was  blunt-ended 
with  T4  DNA  polymerase  and  ligated  to  EcoRl  linkers  using  T4  DNA  ligase, 
followed  by  digestion  with  EcoRl .  The  cDNA  was  ligated  into  the  EcoRl  site  of 
the  plasmid  vector  pTZ18R  (U.S.  Biochemical)  and  the  cDNA-vector  hybrids  were 
used  to  transform  competent  E.  coli  NM522  cells.  Ampicillin  resistant  clones 
were  screened  by  in  situ  colony  hybridization  using  [3ZP] -labeled,  randomly 
primed  cDNA  prepared  from  PA21  RNA.  Single- stranded  DNA  was  prepared  from 
positive  clones  and  sequenced  using  the  dideoxy  chain  termination  method  of 
Sanger . 

Overlapping  clones  spanning  part  of  the  5'  noncoding  region,  the 
complete  PI  region  and  the  5'  portion  of  the  P2  region  of  PA21  were  sequenced 
completely,  and  the  derived  sequence  compared  with  known  sequences  of  human 
HAV  strains.  Additional  sequence  was  obtained  from  3'  noncoding  and  the  3' 
terminus  of  the  P3  genomic  region.  The  5'  noncoding,  P2,  P3  and  3'  noncoding 
regions  were  found  to  have  89.2%,  79.6%,  84.4%,  and  93.7%  nucleotide  identity 
with  respect  to  the  human  HM175  virus  (Brown  et  al.,  1989).  The  G+C  content 
of  PA21  RNA  was  found  to  be  39.5%,  only  slightly  higher  than  that  of  other  HAV 
strains.  The  codon  usage  was  unremarkable  except  for  the  leucine  TTA  codon 
which  is  used  by  PA21  with  less  than  half  the  frequency  of  the  human  HAV 
strains  (5/63  vs  13/63  for  HM175).  The  typical  HAV  bias  against  the  CG 
nucleotide  pair  was  present  (frequency  of  use  0.4%). 

The  PI  region  of  PA21  genomic  RNA  was  found  to  comprise  2373  nucleotides 
and  to  encode  791  amino  acids.  The  nucleotide  difference  between  PA21  and 
sequenced  human  HAV  strains  was  approximately  83%  in  the  capsid- encoding 
region.  The  region  encoding  VP1  (Figure  7)  demonstrated  the  greatest 
divergence  (78.4%  -  81.3%  identity  with  6  human  HAV  strains),  while  the  VP3 
encoding  region,  as  in  comparisons  of  other  picornaviruses ,  was  the  most 
conserved  (84.7%  -  86.0%  identity).  The  majority  of  the  nucleotide  changes 
occur  in  the  third  codon  position  (343  of  398,  in  comparison  with  HM175) , 
while  differences  present  in  the  first  or  second  positions  often  do  not  lead 
to  a  change  in  the  amino  acid.  Thus,  the  amino  acid  sequence  of  the  capsid 
proteins  is  largely  conserved  between  the  simian  and  human  viruses. 

Overall,  the  PA21  PI  genomic  region  sequence  indicates  that  its  capsid 
differs  at  only  23  (HM175  and  MBB)  to  31  (HAS15)  amino  acid  residues  when 
compared  with  the  capsids  of  human  HAV  strains.  Most  of  these  changes  (16  out 
of  23)  are  conservative  in  nature.  Although  the  nucleotide  changes  are 
distributed  randomly  across  the  PI  region  (except  for  the  region  encoding  the 
carboxy  terminus  of  VP1,  at  the  3'  end  of  the  PI  region),  amino  acid 
replacements  are  clustered  near  the  amino  termini  of  VP2  and  VP1,  and  the 
carboxyl  terminus  of  VP1  (for  details,  see  Brown  et  al . ,  1989).  Of  the  31 
carboxy  terminal  amino  acids  of  VP1,  eight  are  different  from  HM175  virus. 
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CONCLUSIONS 


Mechanisms  of  cell  culture -adaptation  and  attenuation  of  HAV.  Because 
adaptation  of  HAV  to  growth  in  cell  culture  has  been  the  first  step  in  the 
development  of  all  attenuated  variants  examined  to  date  (Provost  et  al . ,  1982; 
Provost  et  al.,  1986;  Karron,  et  al.,  1988),  an  understanding  of  the  molecular 
basis  of  attenuation  of  HAV  is  dependent  on  understanding  the  events  accom¬ 
panying  adaptation  of  the  virus  to  cell  culture.  The  mutations  identified  in 
the  pl6  variant  of  HM175  virus  provide  information  that  is  helpful  in  under¬ 
standing  the  molecular  basis  of  cell  culture  adaptation. 

The  pl6  variant  is  highly  adapted  to  growth  in  vitro.  However, 
experimental  infection  of  New  World  owl  monkeys  with  a  neutralization- 
resistant  variant  of  HM175  virus  that  is  closely  related  by  passage  history  to 
pl6  virus  demonstrated  nearly  unaltered  virulence  at  the  22nd  in  vitro  passage 
level  (Lemon  et  al . ,  1987a;  Lemon  et  al.,  1989).  This  suggests  that  the 
mutations  present  in  pl6  virus  have  not  resulted  in  significant  attenuation 
for  owl  monkeys.  Thus,  comparison  of  the  pl6  virus  (cell  culture  adapted,  but 
virulent)  sequence  with  that  of  the  p35  virus  (cell  culture  adapted, 
attenuated)  (Cohen  et  al.,  1987b)  provides  useful  insights  into  the  possible 
molecular  basis  of  attenuation  of  HAV  as  well  as  cell  culture  adaptation. 

The  lack  of  mutations  predicting  changes  in  the  surface  structures  of 
the  pl6  virus  argues  against  alterations  in  virus  receptor-binding  activity  as 
a  mechanism  of  adaptation  to  growth  in  vitro.  The  mutation  in  VP2  that  is 
common  to  both  pl6  and  p35  variants  appears  unlikely  to  have  induced  changes 
in  the  receptor -binding  activity  of  the  virus,  given  that  the  position  of  this 
residue  is  probably  deep  within  the  capsid  structure  according  to  computer¬ 
generated  alignments  derived  by  A.  Palmenberg  (personal  communication)  and  the 
known  crystal  structure  of  other  picornaviruses  (Luo  et  al . ,  1987;  M. 

Rossmann,  personal  communication).  However,  the  precise  location  of  this  VP2 
residue  in  the  HAV  capsid  and  the  possible  functional  relevance  of  this 
mutation  must  await  crystallographic  determination  of  the  HAV  capsid 
structure.  A  second  reason  for  believing  the  change  in  VP2  is  not  essential 
for  adaptation  of  virus  to  growth  in  cell  culture  is  that  this  mutation  is  not 
present  in  the  cell  culture-adapted  p59  variant  of  HM175  (Ross  et  al.,  1986). 
Similarly,  the  absence  of  mutations  in  the  putative  protease,  3Cpro,  or  at 
proposed  cleavage  sites  for  polyprotein  processing  in  HAV  (Cohen  et  al., 

1987a) ,  suggests  that  changes  in  posttranslational  processing  do  not  play 
major  roles  in  adaptation  of  virus  to  cell  culture. 

Mutations  within  the  5'  and  3'  nontranslated  regions  of  the  genomes  of 
pl6  and  p35  viruses  could  affect  priming  or  initiation  of  both  positive  and 
negative  strand  RNA  replication.  Since  guanidine  resistance  of  poliovirus 
maps  to  the  2C  protein  of  that  virus  (Pincus  et  al.,  1986),  mutations  present 
in  the  analogous  HAV  protein  may  also  affect  viral  RNA  replication.  The 
coevolution  of  related  mutations  in  the  polymerase  (3Dpol)  proteins  of  both 
pl6  and  p35  viruses  (Table  2)  argues  that  changes  in  polymerase  function  and 

hence  RNA  replication  may  be  central  to  efficient  growth  in  vitro.  Such 

mutations  could  result  in  more  efficient  interactions  between  viral  proteins, 
viral  RNA  and  cell-specific  proteins  suspected  to  be  involved  in  replication 

of  picornaviral  RNA  (Andrews  et  al.,  1986;  Morrow  et  al . ,  1985).  This 
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interpretation  is  consistent  with  evidence  suggesting  that  the  restrictive 
event  in  HAV  replication  in  vitro  may  be  replication  of  the  viral  RNA 
(Anderson  et  al. ,  1987). 

Host  cell  factors  necessary  for  replication  of  viral  RNA  in  cultured 
monkey  kidney  cells  may  be  different  from  those  available  to  the  virus  in  the 
human  nepatocyte ,  the  cell  type  within  which  virus  replication  normally  occurs 
in  vivo.  If  so,  mutations  occurring  during  adaptation  of  virus  to  growth  in 
cell  culture  and  permitting  more  efficient  utilization  of  host  cell  factors  in 
vitro  might  be  expected  to  lead  to  a  reduction  in  the  ability  of  virus  to 
replicate  within  the  hepatocyte  in  vivo.  This  hypothesis  provides  a  possible 
explanation  for  the  attenuation  of  HAV  that  has  been  associated  with  passage 
of  the  virus  in  cell  cultures.  It  is  consistent  with  the  observation  that 
attenuated  HAV  (specifically,  the  F'  variant  of  CR326  strain  HAV)  replicate 
only  to  low  levels  in  nonimmune  humans ,  as  evidenced  by  delayed  and  relatively 
low  level  antibody  responses  (Provost  et  al.,  1986;  S.M.  Lemon  and  P.  Provost, 
unpublished  data).  Attenuation  of  HAV,  like  attenuation  of  poliovirus  (Sabin, 
1985)  ,  may  thus  be  related  to  mutations  in  several  regions  of  the  genome 
(Minor  et  al.,  1986;  Omata  et  al.,  1986). 

An  effect  on  ribosome  recognition  or  initiation  of  translation  cannot  be 
ruled  out  for  the  nucleotide  changes  found  in  the  5'  nontranslated  region  of 
the  genomes  of  cell  culture -adapted  HAV  v?- '  os.  The  functions  of  the 
nontranslated  5'  RNA  leader  sequence  of  picornaviruses  remain  poorly  defined, 
although  substantial  progress  been  made  in  this  area  in  recent  years. 
Specific  ribosomal  binding  domains  (ribosomal  landing  pads)  have  been 
identified  within  the  5'  noncoding  region  of  some  picornaviruses  (e.g., 
poliovirus) ,  and  there  is  now  a  general  understanding  that  translation  of 
noncapped  picornaviral  messenger  RNA  occurs  as  a  result  of  internal  binding  of 
the  ribosome  with  only  limited  ribosomal  scanning  (Pelletier  and  Sonenberg, 
1988).  Complementary  data  for  HAV  are  not  yet  available,  however,  and  thus  it 
is  not  possible  at  present  to  relate  the  mutations  identified  in  the  5' 
noncoding  region  of  pl6  HM175  virus  to  this  specific  function.  Nor  can  the 
influence  of  mutations  on  viral  assembly,  or  on  the  efficiency  of  virus 
uncoating  following  penetration  be  ascertained.  The  recent  availability  of  an 
infectious  cDNA  construct  (pHAV/7)  derived  from  the  p35  variant  of  HM175 
(Cohen  et  al.,  1987c)  will,  however,  allow  more  precise  mapping  of  viral 
functions  involved  in  adaptation  of  virus  to  in  vitro  growth  and  may  possibly 
shed  light  on  their  relevance  to  attenuation. 

Genomic -length  p!6  HM175  virus  cDNA  construct  The  infectious  construct 
developed  by  Cohen  et  al.,  (1987c),  pHAV/7  was  derived  from  highly  attenuated 
virus  (p35  HM175) .  For  several  reasons,  an  infectious  construct  derived  from 
a  virulent  virus  (such  as  pl6  HM175)  would  be  of  benefit  in  further  studies  of 
the  molecular  basis  of  attenuation.  The  pl6  HM175  cDNA  clones  described  above 
have  thus  been  assembled  into  a  genomic  length  construct.  Flanking  dC-dG 
tails  remaining  from  the  original  homopolymeric  RNA/cDNA  cloning  procedure 
were  removed,  and  the  full-length  pl6  sequence  (minus  one  mutation  in  the  3' 
noncoding  region  which  is  nonessential  for  infectivity  in  vitro,  Cohen  et  al . , 
1987c)  has  been  inserted  into  the  vector  pGEM3  immediately  downstream  of  the 
SP6  transcriptional  start  site.  Studies  defining  the  infectivity  of  this 
plasmid  (either  as  DNA  or  RNA)  remain  in  progress,  but  it  is  expected  that 
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this  genomic  length  construct  will  be  of  considerable  value  in  further 
defining  the  critical  mutations  associated  with  adaptation  of  pl6  HM175  to 
growth  in  cell  culture.  Furthermore,  this  construct  may  provide  the  means  of 
attempting  alternate  approaches  to  attenuation  of  the  virus.  Deletion  of 
regions  of  the  5'  noncoding  region  of  wild- type  poliovirus  has  been  shown  to 
result  in  substantial  attenuation  (Nomoto  et  al.,  1987).  Such  attenuated 
mutants  should  be  extremely  stable  with  little  chance  of  reversion  to 
virulence . 

Cvtopathic  variants  of  HM175  strain  HAV  Currently  there  is  very  little 
understanding  of  the  mechanism  underlying  the  cytopathic  effect  observed  with 
some  cell  culture -adapted  variants  of  HAV.  In  general,  these  cytopathic  HAVs 
appear  to  be  capable  of  relatively  rapid,  efficient  replication  in  cell 
culture  when  compared  with  noncytopathic  but  otherwise  cell  culture -adapted 
( HAV  variants  (Table  3)  (Anderson,  1987;  Cromeans  et  al.,  1987;  Nasser  and 
Metcalf,  1987).  Cytopathic  HAV  variants  do  not  appear  to  interfere  with  host 
cell  macromolecular  synthesis.  It  is  likely  that  multiple  mutations  play  a 
role  in  determining  the  cytopathic  phenotype,  just  as  multiple  mutations 
appear  to  be  important  in  the  primary  adaptation  of  virus  to  growth  in  vitro 
(Jansen  et  al.,  1988;  Cohen  et  al.,  1987b).  From  a  practical  point  of  view, 
the  in  vitro  growth  characteristics  of  some  of  these  cytopathic  variants 
(e.g.,  the  18f  variant)  may  make  them  excellent  candidates  for  development  of 
inactivated  vaccines  or  the  production  of  viral  antigen  for  diagnostic  tests. 

We  defined  capsid  mutations  present  in  two  rapidly  replicating, 
cytopathic  HM175  virus  variants.  We  demonstrated  that  an  antigenically 
altered  K24F2'  virus  variant  was  spontaneously  selected  during  passage  of 
cells  that  were  persistently  infected  with  HM175  virus  (in  the  absence  of 
antibody  pressure).  This  variant  (43c  virus)  grew  relatively  rapidly  and  was 
cytopathic  in  both  FRhk-4  and  BS-C-1  cells;  it  had  amino  acid  substitutions  at 
residues  3-C70  (i.e.,  residue  70  of  VP3) ,  1-197,  and  1-276.  The  mutation  at 
3-070  is  most  likely  responsible  for  antigenic  variation  in  43c  virus,  as 
mutation  at  this  residue  has  been  associated  with  neutralization  escape  from 
K24F2  in  viruses  specifically  selected  for  resistance  to  antibody  (Ping  et 
al.,  1988).  However,  a  role  for  the  other  capsid  mutations  in  the  altered 
antigenicity  of  43c  virus  (particularly  the  mutation  at  1-276)  has  yet  to  be 
excluded.  A  second  cytopathic  HM175  variant  was  isolated  from  the  same 
persistently  infected  cell  cultures;  this  variant  (18f  virus)  had  mutations  at 
similar  sites  in  the  capsid  proteins  (residues  3-091  and  1-271)  but  was 
antigenically  indistinguishable  from  the  parent  HM175  virus  in  solid-phase 
immunoassays  and  virus  neutralization  tests  with  monoclonal  antibodies. 

Several  explanations  are  possible  for  the  emergence  of  an  antigenically 
altered  virus  during  persistent  HAV  infection.  Mutations  in  the  region  of  VP3 
residues  3-070  to  3-091  and  VP1  residues  1-271  to  1-276  may  influence 
replication  of  the  virus  during  persistent  infection  and  serial  passage  in 
vitro,  as  they  were  present  in  both  the  43c  and  18f  cytopathic  variants,  but 
the  extent  to  which  they  do  so  remains  uncertain.  It  is  likely  that  mutations 
elsewhere  in  the  genome  play  important  roles  in  determining  the  cytopathic 
phenotype.  Mutations  in  the  5'  noncoding  region  and  in  the  P2  (proteins  2B 
and  2C)  and  P3  (3Dp0^)  genomic  regions  appear  to  be  important  in  the  initial 
adaptation  of  virus  to  growth  in  cell  culture  (Cohen  et  al. ,  1987b;  Jansen  et 
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al.  ,  1988),  and  thus  may  also  play  dominant  roles  in  the  evolution  of  virus  to 
a  rapidly  replicating  cytopathic  phenotype.  In  support  of  this  hypothesis,  we 
have  recently  determined  that  43c  and  18f  viruses  share  unique  mutations  at 
bases  591  and  647  within  the  5'  noncoding  region.  Further  sequencing  efforts 
and  the  construction  of  infectious  cDNA  from  cytopathic  HAV  variants  will  be 
necessary  to  resolve  this  issue. 

Neutralization  resistance  of  HAV  and  heoatovirulence .  Previous  studies 
with  neutralization-escape  mutants  of  other  RNA  viruses,  including  some  picor- 
naviruses  (Prabhakar,  1987),  have  demonstrated  reduced  virulence  in  comparison 
with  wild- type  virus.  We  found,  however,  that  the  escape  mutant  HM175/S18 
(which  contains  an  aspartic  acid  to  histidine  replacement  at  residue  3-070) 
remains  hepatovirulent  in  owl  monkeys .  Although  fecal  shedding  was  apparently 
reduced  in  comparison  with  animals  infected  previously  with  a  wild- type  HM175 
inoculum  (Lemon  et  al.,  1987a),  the  incubation  period  and  magnitude  of  liver 
enzyme  elevations  were  similar  in  monkeys  infected  with  wild- type  and 
neutralization-resistant  HM175  virus.  Virus  shed  in  the  feces  of  HM175/S18 
infected  monkeys  during  the  first  10  days  of  infection  maintained  the 
neutralization  escape  phenotype  (Lemon  et  al . ,  1989),  but  virus  shed  beyond  10 
days  had  reverted  to  a  neutralization  susceptible  phenotype  and  had  regained 
the  wild- type  sequence.  It  is  likely  that  hepatic  disease  in  these  owl 
monkeys  was  related  to  replication  of  the  revertant  virus  that  was  selected 
for  in  each  of  the  inoculated  animals . 

The  reversion  of  virus  to  a  neutralization- susceptible  phenotype  in  each 
of  these  monkeys  supports  the  hypothesis  that  the  major  antigenic  domains  of 
HAV  are  highly  conserved  because  they  are  essential  for  efficient  replication 
in  vivo,  but  leaves  the  intrinsic  pathogenicity  of  neutralization  escape 
variants  of  HAV  unresolved.  This  could  be  assessed  by  animal  challenge  with  a 
stable  HM175  escape  mutant  containing  an  aspartic  acid  to  serine  mutation  at 
residue  3-070,  recently  generated  by  site-directed  mutagenesis  of  the 
infectious  pHAV/7  clone  in  collaborative  experiments  between  our  laboratory 
and  Stephen  Feinstone,  M.D.,  of  the  Hepatitis  Section,  NIAID  (Cox  et  al.,  in 
preparation) .  The  mutation  in  this  synthetic  virus  was  created  by  inducing 
changes  at  two  consecutive  nucleotides  and  should  be  relatively  resistant  to 
reversion  compared  with  the  single  nucleotide  substitution  present  in 
HM175/S18  (Ping  et  al.,  1988). 

AC/PCR  and  limited  sequence  analysis  of  wild- type  viruses  With  the 
testing  of  new  HAV  vaccines  by  the  U.S.  Army  ano  other  agencies,  there  is  a 
growing  need  for  a  rapid  and  sensitive  method  capable  of  detecting  and 
distinguishing  specific  strains  of  HAV  in  human  samples.  Our  results 
demonstrate  the  utility  of  AC/PCR  as  a  diagnostic  procedure  and  support  its 
use  in  characterizing  the  molecular  epidemiology  of  viruses  such  as  HAV.  It 
is  applicable  to  the  testing  of  substantial  numbers  of  specimens  in 
epidemiologic  or  clinical  studies,  including  future  HAV  vaccine  trials. 

Rico-Hesse  and  coworkers  (Rico-Hesse  et  al . ,  1987)  have  demonstrated 
that  contemporary  isolates  of  single  poliovirus  serotypes  commonly  share  less 
than  85%  nucleotide  identity.  We  found  considerably  greater  genetic 
relatedness  among  human  HAV  isolates  collected  worldwide  (Figure  6),  although 
HAV  and  polioviruses  share  many  other  common  genomic  features.  Remarkably, 
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the  MS-1  and  NC-1  strains  of  HAV  (collected  25  years  apart)  have  nucleotide 
sequences  that  are  96.6%  identical  and  show  no  amino  acid  changes  within  the 
regions  sequenced.  While  conservation  of  the  primary  structure  of  HAV  capsid 
proteins  may  reflect  structural  constraints  imposed  on  the  evolutionary 
process,  considerable  divergence  in  the  amino  acid  sequence  of  the  carboxy 
terminus  of  VP1  has  been  found  recently  in  the  PA21  simian  strain  of  HAV. 

Thus  there  must  other  reasons  for  the  high  level  of  conservation  that  we  found 
among  human  HAV  strains. 


Molecular  cloning  and  partial  nucleotide  sequencing  of  PA21  virus 
Cloning  and  sequencing  studies  indicate  that  PA21  virus  represents  a  unique 


genotype  of  HAV  and  suggest  the  existence  of  an  ecologically  isolated  niche 
for  HAV  among  feral  owl  monkeys . 
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Table 


( 


1.  Comparison  of  wild- type  and  cell  culture -adapted 
pl6  HM175  virus 


Nucleotide  Amino  acid 


Region 

wt 

DOS 

wt 

pl6 

DOS 

wt 

pl6 

5' 

0 

U 

8 

G 

A 

152 

A 

G 

203-7 

UU 

dd 

687 

U 

G 

PI 

VP2 

964 

A 

G 

54 

lys 

arg 

VP  3 

1742 

G 

A* 

P2 

2A 

3281 

A 

G 

58 

ile 

met 

2B 

3711 

G 

A 

13 

asp 

asn 

2B 

3867 

U 

c* 

2B 

3889 

C 

U* 

72 

ala 

val 

2C 

4049 

C 

U* 

2C 

4426 

A 

c 

144 

lys 

thr 

P3 

3A 

5204 

G 

A 

VPg 

5255 

A 

U 

11 

gin 

his 

3Dpol 

6148 

A 

G 

67 

asp 

giy 

3Dpol 

6216 

U 

C 

3Dpol 

6522 

U 

A 

192 

ser 

thr 

3' 

7430 

A 

G 

*  Identified  in  only  one  clone  from  pl6  virus; 
all  other  mutations  confirmed  in  at  least 
two  clones.  The  mutation  at  1742  has  been 
confirmed  by  direct  sequencing  of  viral  RNA 
(unpublished  data) . 

d  -  Deletion 
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Table  2.  Mutations  in  independently  isolated 
cell  culture -adapted  HM175  variants 


nucleotide 
or  amino  acid 


Reeion 

oosition* 

wt 

d16 

P35 

5' 

0 

U 

8 

G 

A 

124 

U 

C 

131-134 

UUUG 

dddd 

152 

A 

G 

G 

t 

203-207 

UU 

dd 

dU 

t 

687 

u 

G 

PI 

VP2 

54 

lys 

arg 

arg 

t 

VP1 

273 

glu 

val 

P2 

2A 

30 

asn 

ser 

2A 

58 

ile 

met 

2B 

13 

asp 

asn 

2B 

72 

ala 

val 

val 

t 

2B 

82 

giy 

ala 

2C 

29 

lys 

met 

2C 

64 

glu 

lys 

2C 

76 

phe 

ser 

2C 

144 

lys 

thr 

2C 

190 

val 

ile 

P3 

VPg 

4 

his 

tyr 

VPg 

11 

gin 

his 

3Dpol 

67 

asp 

giy 

asn 

t 

3Dpol 

192 

ser 

thr 

thr 

t 

3' 

7430 

A 

G 

G 

_ t 

* 

Based  on 

polyprotein  cleavage 

sites  proposed  by 

Cohen  et  al . 

(1987a) . 

f  Similar  or  identical  mutations  (only  mutations  in  5'  and  3'  nontranslated 
RNA,  and  nonsilent  mutations  in  the  translated  regions  of  the  genome,  are 
listed).  The  p35  sequence  was  determined  by  Cohen  et  al.  (1987b). 

d  -  Deletion 
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Table  3.  Cytopathic  Effect  and  Intracellular  and  Extracellular  HAV  Antigen 
Accumulation  Following  Infection  of  FRhK-4  Cells  with  Cytopathic  HM175  Virus 
Variants  at  Low  Multiplicities  . 


Cytopathic  Effect  (day  PI)  HAV  Antigen  (cpm) 


Virus 

0 

2 

4 

6 

7 

9 

Day  PI 

Cells 

Media 

pl6  HM175 

0 

0 

0 

0 

0 

0 

9 

454 

76 

43c 

0 

0 

0 

+  (+) 

++ 

nd 

7 

2145 

72 

18f 

0 

0 

0 

(+) 

+ 

nd 

7 

3623 

820 

Parallel  cultures  of  FRhK-4  cells  were  established  in  25  cm  flasks,  and 
inoculated  with  580  RFU  43c  virus,  460  RFU  18f  virus,  or  1500  RFU  pl6  virus. 
Cytopathic  effects  were  scored  as:  0  -  none,  +  -  10%  cells  detached,  ++  -  25% 
cells  detached;  PI  -  postinoculation,  nd  -  not  done. 
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Table  4.  Mutations  in  PI  Genomic  Region  of  Cytopathic  HM175  Variants. 


Nucleotide 


Amino  Acid 


Virus 

Position 

^|f 

Substitution 

Residue 

Replacement* 

pl6  HM175 

964 

A  -  G 

2-054 

K  -  R 

1742 

G  -  A 

43c 

964 

A  -  G 

2-054 

K  -  R 

1678 

A  C 

3-070 

D  -*■  A 

1742 

G  -  A 

2797 

A  -  G 

1-197 

N  -  S 

3033 

A  -*  G 

1-276 

M  -  V 

18f 

964 

A  -  G 

2-054 

K  -  R 

1741 

C  -  A 

3-091 

T  -  K 

1742 

G  -  A 

2684 

C  -  U 

3018 

U  -  C 

1-271 

S  -  P 

'ic 

From  wild- type 
By  convention, 

sequence 
residue  " 

(Cohen  et  al.,  1987a) 
2-054"  is  residue  54 

of  capsid 

protein  VP2 . 
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Figure  1.  Physical  map  of  pHAV^  clones  containing  inserts  of  pl6  HM175  cDNA. 
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Figure  3.  Map  of  the  genomic -length  pl6  HM175  construct  pHAVc^pl6. 

Restriction  sites  employed  for  assembly  of  the  construct  and  the 
contributing  pl6  HM175  cDNA  plasmid  clones  are  shown. 
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f 

f 


Figure  4.  Final  construction  of  pHAV/pl6:  ligation  of  fragments  from  pHAV5' , 
pHAVchpl6,  and  pHAV/7  to  create  a  genomic -length  pl6  HM175  sequence 
inserted  between  Hindlll  and  Xbal  sites  of  the  plasmid  vector  pGEM3 . 
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Figure  5.  Infection  of  a  seronegative  owl  monkey  (Aotus  trivirgatus)  with  pi 
HM175/S18  virus.  Serum  ALT  activity  and  anti-HAV  detected  by  radio¬ 
immunoassay  (HAVAB)  are  shown:  greater  than  50%  inhibition  in  the  radio¬ 
immunoassay  indicates  the  presence  of  antibody. 
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Figure  6.  Dendrogram  showing  relatedness  between  nucleotide  sequences  of 

HAV  strains  from  epidemiologically  diverse  sources.  Differences  between 
colinear  sequences  spanning  bases  2056  to  2208  and  3020  to  3191  (325 
total)  were  combined  for  this  analysis;  similar  results  were 
independently  obtained  in  both  genomic  regions.  The  approximate  degree 
of  nucleotide  identity  between  any  two  strains  is  represented  by  the 
distance  from  the  left  of  the  diagram  to  the  first  common  node.  The 
dendrogram  was  constructed  by  comparative  subset  averaging  of  percent 
identity  data.  (*  from  cell  culture) 
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. A . T--T--A--A--A . T---G . T--C . T--A . CA - A---T-G . A . T---AG . 

2208  GTTGGGGA1GATTCTGGAGGCTTCTCTACCACTGTTTCAACAAAACAGAATGTTCCAGACCCTCAAGTTGGCATTACAACAGTGAAGGATCTTAAAGGTAGAGCAAACCAAGGGAAAATG 
VGDDSGGFSTTVSTKGNVPDPQVGITTVICDIKGRAN0GK8 

. E . H . 

. A--AG-A . A . G . A- -A . A . A . A--T--T . A . A--C . A- -A 

2328  GATGTTTCGGGTATCCAAGCTCCTGTAGGAGCTATCACTACCATTGAGGATCCAGTTTTGGCAAAGAAAGTGCCTGAGACCTTCCCAGAATTGAAGCCTGGAGAGTCAAGACATACTTCT 
DVSGIOAPVGA1TT1EDPVLAKICVPETFPELKPGESRHTS 
-  -  •  -  V . 


- - --to . . .  o  w  ■ . v.  - « -  i - « - - i - v. - 

2448  gatcatatgtctatttacaaatttatgggcagatctcatttcttatgtacatttacatttaattctaataacaaagagtacacttttcctatcactttgtcatcaacttctaatcctcct 

DHNSIYICFMGRSHFLCtFTFMSNNICEYTFPITLSSTSNPP 


. T . A . A . G . C---T-G . T-G . A--G--T--A---C . T . T--A--A--A . A . C . C . C--- 

2568  CATGGATTGCCTTCAACTCTGAGATGGTTTTTTAACCTTTTTCAGCTTTATAGGGGTCCCTFGGATTTGACAATAATTATAACTGGGGCTACTGATGTTGATGGAATGGCTTGGTTTACT 
MGIPSTIRWFFMIFOITRGPIOLT  1  I  1  TGATDVDGMAWFT 


--A--A--TC-T--C--T . T--T . A . A---T-G . C . A--T . A . C--A . C--A--G . G . 

2688  CCCGTTGGGTTAGCAGTAGATACCCCATGGGTTGAGAAGGAGTCTGCTCTTTCTATTGATTACAAGACAGCTCTTGGTGCTGTTAGGTTTAATACTAGAAGAACAGGAAACATTCAGATT 
PVGIAVDTPUVEKESALSIDYKTAIGAVRFUTRRTGKIQI 


--A--A--A . T--T---T-A . G--T--A . H-G--T . G . T--A . T-G--T--T . G . T--T--- 

2808  AGGTTGCCCTGGTACTCCTATCTTTATGCTGTCTCAGGGGCACTGGATGGGCITGGAGACAAAACAGATTCAACTTTTGGACTTGTCTCCATTCAAATTGCAAATTACAATCACTCAGAT 
RLPUYSYirAVSGALOGLGOKTDSTFGLVSIOIANYNHSD 


- c . T . C--A . A--A . C . T--A . CT-A . C--T-A--CA-1--T . AGC . A 

2928  gaatatttgtcttttagttgttacttgtctgtgactgaacagtctgagttttatittcctagagcaccttigaataccaatgctatgatgtcatcagaaacaatgatggatagaattgct 
eylsfscyisvteosefyfpraplntmamassetnndria 

. S---1-T-S--S--- 

GC---A--CT-G--G--A . G . A--T-A--G--A---AAA-G . G 

3048  CTTGGTGATCTTGAATCCTCAGTTGATGATCCTCGAACTGAAGAGGATCGTAAATTTGAA 
LGDIESSVDOPRTEEDRKFE 


Figure  7.  Nucleotide  and  predicted  amino  acid  sequence  of  the  PA21  capsid 
protein  VP1.  Numbering  and  cleavage  sites  are  based  on  those  of  Cohen 
et  al . ,  1987a.  The  differences  present  in  the  HM175  sequence  are 
displayed  above  (nucleotides)  or  below  (amino  acids)  the  PA21  sequence. 
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